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NASTRAN: USERS' EXPERIENCES

Compendium of papers prepared for the Third NASTRAN Users' Colloguium

September 11-12, 1973
NASA Langley Research Center

FOREWORD

NASTRAN (EﬁSA STRUCTURAL QEALYSIS) has been available to the public since
late in 1970. As a large, comprehensive, nonproprietary, general purpose,
firite element computer system for structural analysis, NASTRAN is finding
widespread acceptance within NASA, other government agencies, and industry.

NASTRAN is available to the public at a cost of $1,790, which covers
reproducing and supplying the necessary system tapes. Furthermcre, NASA has
provided for the continuing maintenance and improvement of NASTRAN through the
establishment of a NASTRAN Systems Management Office located at the Langley
Research Center. At present, NASTRAN is in use at over 240 locations, includ-
ing NASA centers, other government agencies, industry, and commercial computer
data centers.

Because of the widespread interest in NASTRAN and because of a desire to
better serve the community of NASTRAN users, the NASTRAN System Management
Office organized the Third NASTRAN Users' Colloquium at the Lannley Research
Center, September 11-12, 1973. (Compendiums of papers from previous
Colloquiums, 1971 and 1972, were pubtlished as NASA T X-2378 and NASA
™ X-2637, respectively.) The colloguium was planned to provide to everyone
concerned an onportunity to participate in a comprehensive review of the cur-
rent status of NASTRAN use, unique applications, operational prcblems, most
desired modifications including new capability, and substructuring.
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Individuals actively engaged in the use of NASTRAN were invited to prepare
papers rfor presentation at the collogquium. These papers are included in this
volume. Only a limited editorial review was provided to achieve reasonably
consistent format and content. The opinions and data presented are the respon-

sitility of the authors and their respective organizations. ‘%
%
Deene J. Weidman, Conference Chairman i
NACTRAN Systems Mansgement Office o
Langley Research Center -+
Yampton, Va. 23665 P
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FUTURE NSMO PLANS FOR MAINTENANCE OF NASTRAN

By Deene J. Weidman

NASA Langley Research Center
INTRODUCTION

The objectives of the NASTRAN computer program system are to provide a
general structural anelysis capability for NASA centers and :ajor NASA contrac-
tors and to allow effective use of NASA structural analysis capatility in otler
agencies and industries throughout the nation. 1In addition, the importance of
the Space Shuttle project to the nation's space program makes it imperative to
provide timely improvements to NASTRAN to support analysis and design of the
Shuttle vehicle. Shuttle improvements are expected to have general application.

Use of NASTRAN has increased steadily since the second NASTRAN Users'
Colloquium September 11-12, 1972 (ref. 1). The total number of individual users
is now estimated to be 2200, an increase of about 50 percent in the past yeer.
NASTRAN is known to be installed st 2LO computer sites in the Uniled States and
abroad as identified in the following lisct:

9 NASA centers
10 Department of Defense sites
18 Aerospace ccmpany users
22 Small airnraft company users
181 Nonaerospace users including -
34 Computer company sites
9 Automotive company sites
17 Universities
121 Other users

r——

These estimates are based on the NSMO Newsletter mailing list and are, there-
fore, believed to be somewhat conservative,

PLANNED DEVELOPMENTS

The overall development plan for NASTRAN is shown in figure 1. The four
items on the left of figure 1 are ongoing developments this fiscal year. The
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design and coding for Level 1€ is nearly complete. Because substantial changes
have been incorporated into Level 16, extensive debugging, checkout. and thor-
ough exercising of this code are planned which will lead to general public
release about the end of calendar year 1974. Automated substructuring, diag-
nostics and DMAP improvements, and other shuttle improvements are all funded by
the Spuce Shuttle project and will not be introduced into the standard NASTRAN
system until after release of Level 16. A subsonic flutter package has been
developed for NASTRAN and is operational in-house. Plans call for its instal-
lation into the standard NASTRAN system also after the release of Level 16. A
long-range study of the impact of fourth-generation computers on NASTRAN is
being initiated in-house and may become a contract activity later.

Following fiscal year 1974, new capability development will be principally
focused on fundamental improvements such as an improved graphics package, expan-
sion of NASTRAN's nonlinear elastic and plasticity capabilities, and inccrpora-
tion of some new finite elements. New capabilities will be introduced at less
frequent intervals than in the past and release of future ievels of NASTRAN wili
correspondingly occur at a reduced rate. Further into the future, it is ernvi-
sioned that there may be a complete overhaul of NASTRAN (NASTRAN II(?)) to incor-
porate advanced finite-element technology, to allow for potential fourth-
generation computer usage, and to take advantage of advanced techniques for
program organization and data management. A steady incorporation of efficiency
improvements and error correction is also necessary to keep a program system of
the size and complexity as NASTRAN viable.

CAPABILITY IMPROVEMENTS IN LEVEL 16 OVER LEVEL 15

NASTRAN Level 16 will contain three kinds of improvements compared with
Level 15: (1) new capabilities developed by others and installed under contract
by NSMO, (2) improvements to existing capabilities in response to aerospace
industry requests, and (3) addition of some higher quality finite elements. The
first kind of improvement includes a feature which can drastically reduce input,
storage, and run times for structures which have cyclic geometric symmetries, =
module which resizes once all elements in a structure using a specified allow-
able stress and a simple stress-ratio resizing algorithm, and complete heat- b
transfer capability including conduction, convection, and radiation. The second §
kind of improvement includes an improved differential stiffness capability allow-!
ing iteration, the ability to output shear-force information in terms of shear
flows, the sorting of stress results from various load cases by element, and an
automation of the partitioning vector generation required for substructuring.

The third kind ¢f improvement includes isoparametric solid finite elements,
rigid elements, improved ring and plate elements, and two improved quadrilateral
membrane elements.
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EFFICIENCY IMPROVEMENTS IN LEVEL 16 OVER LEVEL 15

A large amount of basic NASTRAN code will be redone in Level 16 to provide
major improvements in efficiency - reduced run-time and storage requirements.
Probably the most extensive change will be incorporation of a new technique for
assenbling stiffness and mass matrices. Improvements in symmetric matrix
decomposition, the forward and backward substitution, and multiply-add matrices
will be included, and the multipoint constraint and dynamic data recovery fea-
tures will be improved. Single- and double-precision options -rill be included
for IBM, CDC, and UNIVAC computers. Improvements in input/output routines will
include string notation for data, nontransmit read, and random- and direct-
access features. Detailed discussion of these future efficiency improvements
is contained in reference 2.

NEW ERROR CORRECTION PROCEDURE

An overview of the NASTRAN error correction procedure is shown in figure 2.
In all cases of receipt of a user report, an action is taken, and a reply letter
is sent to the user. TFor each user-reported inconsistency, NSMO determines into
which of three categories the report falls. Those reports that do not appear
to be user misunderstandings are assigned an SPR (Software Problem Report) num-
ber and priority and then delivered to the maintenance contractor for evaluation
and correction. A substantial number of SPR's are not "errors" but in reality
represent a need for improvement in the system.

The lower half of figure 2 shows the activities of the maintenance contrac-
tor for each SPR he receives. The maintenance contractor screens out any user
errors and previously reported bugs (PRB). For valid 3PR's, &4 run using the
user-submitted deck is always performed and the contractor determines the cause
of the error and the needed correction. At this point, figure 2 shows a pro-
posed departure from current practice. An "ALTER" form would be genc¢rated by
the maintenance contractor which specifies all code corrections needud to
resolve each SPR along with information to aid in installing the corrections
in users' decks. Responsibility for making the corrections would be the users!
ALTER forms might be released at frequent intervals to the user community via
the NASTRAN Newsletter. Evaluation of this and other avenues to quicker error
correction response to users is currently underway; of course, error corrections
will be incorporated in each new archive level as issued. The final maintenance
contractor tasks for each SPR are a validation run of the corrected code on the
user's problem and any required documentation updates. Then NSMO verifies the
successful completion of the contractor's tasks for each SPR.

&
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CONCLUDING REMARKS

NASTRAN provides a general structural analysis cepability for NASA, NASA
contractors, end other agencies and industries. In particular it is expected
to support structural analysis and design of the Space Shuttle vehicle. A
steady growth in the general use of NASTRAN is evident with an estimated
50-percent increase in the number of individual users in the past year. Derel-
opment plans call for less frequent addition of new capability and corresponu-
ing release of future levels at a reduced rate. Near term focus in NSMO will
be to implement new error correction procedures to improve communication with
users and speed up the error correction process.

REFERENCES

1. Anon.: NASTRAN: Users' Experiences. NASA TM X~-2637, 1972.

2. McCormick, Caleb W.: Review of NASTRAN Development Relative to Efficiency
of Execution. NASTRAN: Users' Experiences, NASA TM X-2893, 1973,
pp. 7-28. (Paper no. 2 of this compilation.)

-



e e B

TR
- squomdoTaAdp NVHISVN Pauueld -°1 2314
NOILVEENED Q3P
SLUMEAAOE B
TILIONS
: MELLOT
g JINOSENS L
m TIVISHI
\
W 0 aNY
4O1AS0MOVIA
4
f . ID118V1d 3
) v IVANITINON
= ; SOIRIVNE CEIVOIOV
oy : QIACH ST
il %
S K
1 T2ATI
, (81) TIAT1 (LT) TAET u.wo..uunuo e ——
< a

6L Ad 8L, R4 LL, A4 9L, Ad SL, Ad . Ad

e
:
§
,
a

PR LS e ah e Sma v e e AR A s KaF o o W e




« e o S W

48010 qid
JLvadn
- ¥daa

*£3TATIO® UOTFO9II00 JOIIS NVYISYN -°'2 2ImB1g

oL LIWANS

4
$,4350 HLI FAIHD LHILTV . o dasi il -wanoo |_ynant
JINAITVA drvad ALV INID aI'Tv. NIVH| OMSN
[
uasn! oz
ASNOIST | ¥OIND 250710 =—{ 08 awwwﬂ.—
A1gISS0d
OWSN

M}W "HLNOD ‘NIVR

OUNY NOIXIVNTIVAYL

"EINOD FONVNIALNIVH

J149vdond

o=

¥od aIdAN

XONELSISNOONI
40 AMIA0OSIA
aasn

W ONIANVLSUAANNSIA
yaa _ yasn




W AR PP ey o Ay et et s

N7Y - ys 9

REVIEW OF NASTRAN DEVELOPMENT
RELATIVE TO EFFICIENCY OF EXECUTION

By Caleb W. McCormick
Director of Engineering Analysis
The MacNeal-Schwendler Corporation
Lus Angeles, California

SUMMARY

This paper reviews the development of NASTRAN rclative to tne efficiency
of execution, with particular esmphasis on those items which have changed sig-
nificantly since the original release of NASTRAN. Features discuvsed include
main and secondary storage utilization, matrix packing, matrix assembly, matrix
multiplication, matrix decomposition and equation solution. Also a brief look
into the future discusses the questions of faster arithmetac units and more
effective storage utilization. In some cases the improvements i. NASTRAN
efficiency have resulted from taking advantage of hardware developments, while
in other cases increased efficiency has resulted from improvements in the state
of the art for data processing or matrix operations. The modular design of
NASTRAN has made it possible to improve the efficiency in many parts of NASTRAN
without changing the basic design of the program.

INTRODUCTION

The main goal in the original design specifications for NASTRAN was the
solution of large problems in both statics and dynamics. Although efficiency
has always been an important consideration, the primary emphasis in the begin-
ning was on the wide range of problem types of large size. However, it was
recognized that in order to solve large problems, it would be mandatory to
take advantage of sparse matrix techniques. Consequently, all of the original
matrix operations were designed to utilize sparse matrix techniques. Si‘ice the
original release of NASTRAN, a number of improvemcnts have been made in the
efficiency of the matrix routines by taking advantage of hardware developments
a?d improvements in the state of the art for data processing and matrix opera-
tions.

Hardware and software limitation: required that the early versions .f
NASTRAN uge only sequential secondary < -.rage. The current versions of NASTRAN
use direct access devices for secondar <: saze. Level 16 will include the
use of random access coding in the matri. ::-embly and equation solution opera-
tions. The use of multiple types of secondary storage devices will be an
important dovelopment for future releases cf NASTRAN.

~ ko

BRI 5. N, §uim

o Lt e

"y

T

s s e = -



LR TR TR

e .t >

Somriipiirstinpmiaingufigiesidutoh ey

S TN

Most of the original code for NASTRAN was written in FPRTRAN IV in order
to reduce both the development costs and maintenance costs. Machine language
was used only in those placed where it was necessary to interface with the
resident operating systems. Howcver, efforts were made to improve the effi-
ciencv of the compiled code by care ir the use of FPRTRAN. For example, in
the case of nested D@ loops it was found that, for some compilers, the speed
of the inner loops for multiply-add operations could be improved by a factor
of two by simply writing the inner loop as 1 separate subroutine. Substantial
improvements have been made in Level 15 and Level 16 through the use of machine
language in many of the more important matrix operations. Even so, except for
the transfer of information between main storage and secondary storage and
the matrix packing routines, the use of machine language has been restricted
to the inner loops of the matrix operations.

The original emphasis on the solution of large problems has caused NASTRAN
to be relatively inefficient for small- and medium-size problems. Many of
the Level 16 improvements will substantizlly improve the efficiency of NASTRAN
for the smaller problems. The main improvements in this area are associated
with the more effective use of main storage and additional options for the
matrix packing routines.

MAIN STORAGE UTILIZATION

The original design of NASTRAN recognized the importance of preserving as
much as possible of the main storage for matrix operations. The overlay struc-
ture was carefully designed to minimize the amount of code that had to be
resident in main storage, particularly during the operation of important matrix
routines. Also, in order to preserve the maximum amount of main storage for
each matrix operation, all results were transferred to secondary storage prior
to the start of a new major operation. This transfer of information to and
from secondary storage placed a heavy burden on the matrix packing routines
and the associated read and write routines. These routines have contributed
heavily to the relative inefficiency of MNASTRAN.

The original design of the overlay structure for NASTRAN is still in use
and there appears to be no need for major changes in this area. The ineffi-
ciencies resulting from the transfer of information between main and secondary
storage has been a source of some concern and has received extensive revision
in both Level 15 and Level 16.

In order to reduce the requirement for transfers between main storage and
secondary storage, Level 16 will provide an option to use a portion of main
storage for the retention of data which would otherwise be transferred to
secondary storage. This option is under the control of the individual func-

BRI PR RN

tional modules and has been implemented by allowing the use of multiple buffers °

in main memory by the I/P routines. This option will be particularly effective
when relatively small amounts of frequently used information can be retained in
main memory and thereby avoid excessive transfers from secondary storage. A

strong candidate for using this option is the numerical integration in transient
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response problems, where currently the triangular factors of the dynamic matrix
must be read from secondary storage at z2ach time step. If the problem is not
too large, it may be convenient to allocatc sufficient main memory to hold the
triangular factors in main storage. This option should also be useful for non-
linear problems where the problem sizes tend to be small and repetitive opera-
tioms form an important part of the total solution time.

SECONDARY STORAGE UTILIZATION

All of the transfers of information between secondary storage and main
storage in the early releases of NASTRAM used sequential access methods. Much
of the original code was also written in FPRTRAN, which further contributed to
the inefficiencies. The original dynamic use of files as supervised by the
NASTRAN Executive System has stood the test of time and remains today essen-
tially as in the original design.

Sequential procedures are still used for all write operations. However,
read operations may be performed either by the use of sequential procedures or
random procedures. Two important uses of the random access procedures in Level
16 are for matrix assembly and the back substitution part of the equation
solution routines.

MATRIX PACKING

Efficient operation with large sparse matrices requires an effective
packing scheme in order to minimize main memory requirements and the time
required to transfer the nonzero elements from secondary storage devices to
the working space in main memory. The current matrix packing logic is similar
to that used in the original design of NASTRAN. However, substantial improve-
ments in the efficiency were made in Level 15, including the use of machine
language on the IBM versions. Level 16 will include further improvewments in
efficiency, including the use of assembly language on the Univac version. The
Level 16 matrix packing routines will use machine language on all machines and
will be 1-1/2 to 2 times faster than Level 15,

The matrices in NASTRAN are stored L'y columns, and each column constitutes
a logical record. The first nonzero term in the column is described by an
integer indicating its row position and the floating point number describing its
value. If the following term is also nonzero, only its value is stored, and
in general the position of only the first term in the series of nonzero terms
is stored. In order to improve the efficiency when working with strings of
nonzero terms, the number of nonzero terms in the string is stored along with
the row number of the first nonzero term in the string. An option is also pro-
vided tc include the row number of the last nonzero term in the string along
with the number of nonzero terms in the string. This option makes it possible
to perform the backward substitution operation for equation solution in a
moxe efficient manner.
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An important addition to the packing routines in Level 16 is a new non-
transmit option. In the case of a read operation, each call for this option
results in the return of the row number of the first nonzero term in the next
string and the number of terms in the string. In the case of a write operation,
each call returns the location of the next available space in the NASTRAN I/§
buffer and the number of spaces remainiung in the current buffer. The using
routines can then operate directly in the I/@ buffers, and ouly the time asso-
ciated with the initial call for each string is required for the packing opera-
tion. The time to access a term or store a term can be absorbed in the using
routine, as this operation is required, even when operatirg outside the buffer.

For strings of reasonable length, the time per term for the nontransmit
operation is very small and may well be ten or twenty times less than the
transmitting pack options. Tiis option is particularly effective when each
term in the buffer is used for a single operation, such as for direct transient
response or eigenvalue extraction using the inverse power method. where the
running times are dominated by equation solutiors with single right hand sides.
If the transmitting pack options are used in these cases, the running time is
dominated by the packing times, which in turn may be s.veral times the asso-
ciated arithmetic times. If the nontransmit oytion is used, the inner loops
will run at arithmetic speed, and the speed of operation with single right
hand sides will be several times faster.

MATRIX ASSCEMLLY

The comparison of the matrix assembly mes for various assembly procedures
is indicated in Figure .. The initial strai,at portion of the solid line
indicates a linear growth of matrix assembly time with problem size when the

complete stiffness mat:ix can be held in main memory. The curved portion of the

solid line indicates & rapid growth in matrix assembly time with problem size
when the stifriess macrix is ussembled from element stiffness matrices that
are stored on 2 sequential secondary storage device. The rapid growth in
matrix assembly t..ue for large problems was unacceptable for NASTRAN.

Since the largc watrices i» NASTRAN require the use of secondary storage
for assembly, and since only sequential access procedures were available during
the initial development period, thc regeneration procedure indicated by the
loig~dash--snort~dash line in Figure 1 was used. In this procedure the re-
quired partitiorns of the elcment stiffress n. rices are regeuerated at each
grid point as r.ceded. Comsequent’y, Y, :lupe ¢ thi: linc is proportional
to the number of grid poiuts coum - ted to 2acr ~§~. lement. As indicated
in Figure 1, this procedure will h. suvcaiior . the . age of element matrices

on sequential access devices tor large p-v i%r:. “ue ‘)cation of the cross-over

point will depead on the ratio of the tim> to »ew.~'e an element stiffness
matrix to the time required to retrieve t.. s.me inf.rmation from a sequential
storage device. A further degradation .r yunulny i; . cccurs if all of the
element generation routines cannot be “.ld .n m: .1 wemory at the same time.
This latter problem was not severe :uo *i.e earlie- releases of NASTRAN because
the element library was small and co.18t.? of relacively simple elements.
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The dashed line in Figure 1 indicates a linear growth in matrix assembly
time when the element stiffness matrices are retrieved from a direct access
secondary storage device. The slope of this line is proportional to the time
to generate the stiffness matrix for a single element plus the time required to
retrieve the element stiffness from a random access device. A new matrix assem-
bply module has been completed for Level 16 in which the element matrices ave
generated for each type of element and stored on a random access device. The
comrlete matrix is generated by assembling as many columns of the matrix as
possible in packed form in main memory, using random access methods to retrieve
the element matrices as needed. Since only a single element routine is neceded
< in main memory during the formation of the element matrices, there is no
. penalty for having a large finite element library.

The new matrix assembly module also provides for taking advantage of
identical finite elements in the model. In the case of identical elements,
the element generation routine generates only one matrix for euach group of
' identical elements. With random access assembly procedures, it is a routine
B operation to point to the single element matrix each time it is required for
&2 matrix assembly. This procedure substantially reduces the matrix generation
. time when there are large numbers of identical elements.

Test runs indicate that the central processor time for the actual matrix
assembly is about the same in Level 16 as in Level 15, even though the element
matrices are retrieved from a secondary storage device in Level 16. In other
& vords, the overhead for the matrix assembly operations in Level 16 is very

% small. The removal of the requirement to regenerate the element matrices at

g each connection will reduce the matrix generation time in proportion to the

@ number of connected grid points. The new matrix assembler is particularly

B important for the new, higher order elements where the number of connections

E are often greater, and the generation times for the element matrices are sub-

£ stantially greater than for the elements in Level 15.

MATRIX MULTIPLY-ADD

: The use of sparse matrix multiply-add routines v.as part of the original

¥ design of NASTRAN. Major improvements in efficiency were made in Level 15 with
the use of machine language inner loops and improved logic for Method 2. Level

} 16 includes a new Method 3 and improved logic for the transfer of the packed

matrix terms directly into the working area for Method 2. The details of the

multiply-add operations are given in the NASTRAN Theoretical Manual.

A The summary of multiply-add operations in Table 1 presents the overall
g picture of multiply-add efficiency in NASTRAN. Various corbinations of densi-
BB ties of the [A] and [B] matrices are presented for both the nontranspose and the
} transpose multiply-add options. In each case the most efficient multiply-add
B method is given for the particular combination of densities. The efficiency
i of the inner loop for multiply-add is always proportional to the length of the
b strings of the second operand. The total arithmetic time is always proportional
¥ to the dunsity of the matrix containing the first operand, except for the non-
¥ transpose option of Method2, for which the arithmetic time is proportional to
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the product of the densities of the two matrices. Although the matrix packing
operations contribute to the total execution time, these packing times are not
of primary consideration in the relative efficiency of the multiply-add methods.

For either the transpose or the nontranspose multiplv-add, the summary in
Table 1 indicates that, when [B] is dense, Method 1 will be selected regardless
of the density of [A]. In these cases, the arithmetic times are proportional
to the density of [A]. Since [B] is assumed full in Method 1, the multiply-add
loop operates at maximum efficiency. However, unless [B] is very dense, a large
number of unnecessary zero operations will be performed.

If [B] is sparse, Method 2 will always be selected in the nontransposc
case, regardless of the density of [A]. In this case the arithmetic time will
be proportional to the product of the densities of the [A] and [B] matrices.
The efficiency of the multiply-add loop will be proportional to the lengths of
the strings of the [A] matrix. The internal selection procedures assume that
the average length of the strings in the [A] matrix is proportional to the
density of the [A] matrix.

For the transpose case with [B] sparse and [A] sparse, Method 2 will
usually be selected. Alt ough the efficiency of the multiply-add loop will be
low due to the short strings (low density) in [A], the number of operations
will be proportional to the density of [A], and the total arithmetic time will
be relatively short. If there is sufficient main memory to perform Method 1 in
a single pass, the total time will be less than for Method 2 because of the
higher efficiency of the multiply-add loop. In neither case is any advantage
taken of the sparsity of the [B] matrix.

For the transpose case with [B] sparse and [A] dense, a new Method 3 is
the most efficient. In this method the [A] matrix is assumed full and the
multiply-add loop operates at maximum efficiency. However, unless [A] is
very dense, a large number of zero operations will be performed. The execution
time for Method 3 is proportional to the density of the [B] matrix, with no
advantage being taken of the density of the [A] matrix. A nontranspose option
is not provided for Method 3, as Method 2 handles ali cases of interest more
efficiently.

]

MATRIX DECOMPOSITION

The storage and indexing procedures used in NASTRAN for the new symmetric
decomposition routine will be discussed with reference to the matrix in Figure
2. Initial nonzero terms are indicated by X's with the 0's indicating nonzero
terms created as the decomposition proceeds. The shaded terms indicate the
relative locations for nonzero contributions to the upper triangular factor
when the first row of the matrix is the pivotal row. If there is sufficient
main st-~vage to hold all of the shaded terms, the decomposition may proceed
without the need for writing intermediate results on secondary storage. The
shaded terms in Figure 3 indicate the relative locations for nonzero contribu-
tions to the upper triangular factor when the second row is the pivotal row.
In this case not only are there more active cojumns, and therefore more main

12
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¥ storage is required, but one of the new active columns (column 8) is inserted
g in an intermediate location.

b The management of the working storage for triangular decomposition is

¥ indicated in Figure 4. The pivotal row and the associated active column vector
g are stored in a separate space. The active column vector contains the column
¥z number for each nonzero term in the pivotal row. The lower portion of the main
§ working storage is always used and the amount is proportional to the numter of
& active columns at each stage of the decomposition. The amount of storage

¥ required for each of the first six pivotal rows for the matrix shown in Figures
R 2 and 5 is indicated on Figure 4. The shaded area indicates the storage space
$ required for pivotal rows 1, 5 and 6, all of which have six active columns.

E At any particular stage of the decomposition, the previous contributions are

E accessed according to the number of active columns immediatly preceding the
pivotal row, and the results of the current calculations are stored according

j to the number of active columns in the pivotal row.

L R T R

— As the decomposition proceeds, the number of active columns can increase

g by any number up to the number of rows remaining in the matrix. However, if

B it is assumed that the number of active columns will never decrease by more

% than one for each new pivotal row, it is possible to store the current calcu-

B lations dynamically in the same array with previous calculations without inter-
g ference. This is equivalent to assuming that once a column becomes active it

f remains active until the column intersects the diagonal (column number = pivotal
¢ row number). This assumption will not cause errors in the calculations but
will result in the performance of a number of zero operations and will require
additional working space in main storage.

- e

The shaded part of Figure 5 indicates the nonzero terms in the upper tri-

| angular factor of a matrix where the original nonzero terms are indicated with
X's. It can be seen that columns 7, 9 and 13 are terminated at row 3, and
columns 11 and 14 are termirated at row 6. The new matrix decomposition routine
g in Level 16 provides for the termination of active columns by changing their

status from active to passive. Columns may also change their status from
passive to active as indicated in Figure 5 by column 9 at row 7, or column 11
§ at row 10. The provision for passive columns reduces the number of active
columns when row 4 is pivotal from 6 to 3, with an associated reduction in
main storage requirements and the number of arithmetic operations. The
complete details of the decomposition procedure will be given in the Level 16
NASTRAN Manuals.,

The storage management indicated in Figure 4 applies only when there is
sufficient working storage for all of the terms generated by the pivotal row.
When the number of active columns exceeds the capacity of working storage space,
an automatic spill logic is provided. The overhead for the new spill logic is
} substantially less than provided in the original matrix decomposition routine.

R Both the CPU cost and the number of secondary storage transfers have been
f substantially reduced. It should be possible to economically run large problems
f with about half as much main storage in Level 16.

_ In order to improve the efficiency of sparse matrix operation in NASTRAN,
the inner loops are usually written in assembly language. In general the use of

13
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assembly language will reduce the number of instructions and will allow for
more effective use of the high speed registers. In the case of the new decompo-
sition routine, three separate inner loops are provided. The differences in
the inner loops are associated with the need to combine the previously completec
results in the working storage space. Special provision is made when no pre-
viously calculated results need to be combined. This applies to the first row
of the matrix and for all rows immediately following the creation of passive
columns. Special provision is also made for the cise of consecutive active
columns. This option improves the efficiency of indexinz for band matrices and
when there are large numbers of active columns adjacent to the diagonal. The
third loop provides for the general case in which a test must be made inside
the loop for the existence of previously calculated terms.

The aim in the NASTRAN decomposition routine has been to provide a
general purpose routine which will operate efficiently for different orderings
of nonzero terms, including the cases of band matrices and partitioning or
substructuring types of matrix ordering. The NASTRAN decomposition routine
has been designed to take advantage of different sequences of nonzero terms
along with the use of an ordinary step-by-step elimination procedure. Test
runs with square frameworks of 2600 order have given improvements in running
time by factors of 2 to 4. It is easy to design problems which will show sub-
stantially greater improvements in efficiency, particularly if the new spill
logic is used with reduced main memory requirements or unusual sequences for
matrices are employed.

The familiar ordering for a band matrix of a square array is shown in
Figure 6. Figure 7 indicates the ordering of the same problem with partition-
ing. In this case, the square array has been divided into four partitions
with each of the partitions numbered first and the boundary points numbered
last. Figure 8 indicates the locations of the nonzero terms in the triangular
factor when the square array is ordered for partitioning. The X's indicate
the original nonzero terms and the 0's indicate nonzero terms created during
the decomposition operation. In the case of the band matrix, the number of
nonzero terms in the triangular factor is 129, whereas Figure 8 contains only
102 nonzero terms. Since the time for the forward/backward substitution opera-
tion is directly proportional to the number of nonzero terms in the triangular
factor, the time for the forward/backward substitution operation when the
squar. array is ordered for partitioning is only about 80% of that when the
array is ordered for a band. The number of multiplications for the decomposi-
tion when ordered for a band is 294, whereas the number indicated in Figure 8
is only 177. This indicates that the time for the decomposition when ordered
for partitioning is only about 60% of that when ordered for a band. This
example indicates the kinds of savings that are possible in decomposition and
equation solution, when the decomposition routine can locate the nonzero terms
in a triangular f.:cor in a routine fashion. Even greater savings are possible
when the partitions are not strongly connected.
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EQUATION SOLUTION

The forward/backward substitution operation for the new equation solution
routine in Level 16 is performed by holding as many columns of the right hand
side in main memory as possible. The forward and backward substitution opera-
tions are performed by reading the triangular factors from secondary storage
and performing the indicated arithmetic operations. These operations are per-
formed ir. place, and at the conclusion of the backward substitution operation
the solution vectors are stored in the same locations as the original right
hand sides. The nonzero terms of the triangular factors are located directly
in the I/@ buffers in strings, using the new nontransmit option of the matrix
packing routines.

The general procedure for the forward rass in equation solution is indi-
cated in Figure 9. The operation for each column begins by locating the first
nonzero string in the lower triangular factor. The nouzerc terms of the cur-
rent column of the lower triangular factor are indicated by the letter L in
Figure 9. Next, the associated term in the first column of the right hand
side is tested for zero. If the right hand side term is nonzero, the multiply-
add operations are performed for the string, and the results are stored in the
first column in the locations indicated by the number 1 in Figure 9. Similar
operations are performed for all columns on the right hand side having nonzero
entries in the row associated with the current column of the lower triangular
factor. The X's on Figure 9 indicate nonzero operations exist in columns 1,

2 and 5. The results for the second string of the current column in Figure 9
are stored in the lccations indicated by the number 2. The forward pass is
completed by performing similar operations for all columns in the lower trian-
gular factor.

The buck substitution operation is performed by reading the strings of
the triangular factor in reverse order. The general procedure for the backward
solution is indicated in Figure 10. The operation for each row of the upper Iy
factor begins by locating the last nonzero string in the current row, indicated f
by the letter U in Figure 10. The dot product of the string s made for each
column on the right nand side in turn, without testing for zero. The location
of the se:ond operand is indicated by the number 1 in Figure 10. The partial
solutions are accumulated in the current row of the right hand side, as indi-
cated by the X's in Figure 10. The backward pass continues by performing simi-
lar operations for all nonzero strings in the current row of the upper trian-
gular factor. The locations of the second operand for the next nonzero string
of the upper triangular factor are indicated by the number 2 in Figure 10.
When all of the dot products have been performed for the current row of the
upper triangular factor, the solution will be located in the positions indicated
by the X's. The backward solution is completed by performing the same opera- ;
tions for each row of the upper triangular factor. The final solution is then <
transferred to secondary storage. If additional right hand sides exist, the o
next group of columns can be transferred to main storage and a new forward pass .
started. !

It can be seen that the forward/backward substitution operation in Level
16 takes full advantage of the sparsity of the triangular factors. Also, all =
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terms in the triangular factors a:e located directly in the buffers, so full
advantage is taken of the str:ng 1otation and the nontransmit packing option.
Full advantage is also taker of the sparsity of the right hand side in the
forward pass. Test runs with the new equation solution routine show improve-
ments in running time by a factor of 10 over those used in Level 15.

FUTURE DEVELOPMENTS

One of the more important future hardware developments will be the avail-
ability of much faster arithmetic units. The improvements in speed will come
from the use of parallel processors and the use of vector processors. The
modular design of NASTRAN should make it possible to take advantage of these
new hardware developments by changing only the matrix operation routines. In
some cases, it may only be necessary to change tke inner loops in the matrix
operation routines. In any event, the basic packing routines and the string
notation should be useful with these new types of arithmetic units.

Another important hardware development will be the use of high capacity,
high speed, secondary storage devices. These high speed storage devices will
consist of such things as extended core storage devices and fixed head drums,
as well as high speed, high density disc storage devices. The organization of
the NASTRAN packing and I/@ routines lends itself to easy modification for use
with different types of secondary storage devices. A modification has already
been made for Level 16 to include the use of extended core storage devices on
CDC machines.

The organization of the NASTRAN I/@ routines and the use of working storage
and main memory adapt well to the use of paging devices, such as are used with
buffer memories and virtual memory machines. The NASTRAN matrix routines tend
to access blocks of information in main memory in a sequential manner. The net
result is, that even for large prublems, only a small amount of working space
needs to be resident in main memory at any one time. Furthermore, particularly
with the new Level 16 matrix routines, the number of transfers between main
storage and secondary storage have been substantially reduced, with a resulting
reduction in the work load for paging devices.

-

CONCLUSIONS

The following conclusions are drawn relative to improvements in NASTRAN
efficiency:

1. Most problems will run at least twice as fast on Level 16 as Level 15
due to improvements in times for matrix assembly, equation solution, deccumposi-
tion, and matrix packing.

-~ -

2. The use of multiple I/@ buffers in main memory along with the nontrans-
mit read and write options can make an individual functional module competitive
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with core held programs, because no transfers to secondary storage are made and
indexing is done directly into the working arrays.

3. The modular design of NASTRAN has made modification easy and should
continue to make it relatively easy to adapt NASTRAN to new hardware and im-
provements in the state of the art for matrix operations and data processing.
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Table 1.

Summary of MPYAD Operations

[Al[B] + [C] = [D]

S ———— < A 0 -

Matrix Density

MPYAD Method

Arithmetic Time

{A] [B] Strings Density
Sparse | Dense 1 (B} [A)
Dense Sparse 2 [A] [A] & [B]
Sparse | Sparse 2 [A) [A] & [B]
Dense Dense 1 [B] [A)

(A17[B] + [C] = [D)

Matrix Density

MPYAD Method
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(A] U
Sparse Dense 1
Dense Sparse 3
Sparse Sparse 2
Dense Dense 1

Arithmetic Time

Strings

(B)
(Al
[A)
[B]

Density

(A
(8]
[A)
[A)
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Figure 1.- Comparison of matrix assembly procedures.
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Figure 3.- Decomposition with second row as pivotal row.
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NASTRAN BUCKLING STUDY OF A LINEAR INDUCTION MOTOR REACTION RAIL

By Jerry G. Williams

NASA langley Research Center
Hampton, Virginia

ABSTRACT

NASTRAN was used to study problems associated with the installation of
a linear induction motor reaction rail test track at the Department of
Transportation High-8peed Ground Test Center near Pueblo, Colorado. Specific
problems studied include determination of the critical axial compressive
buckling stress and establishtment of the lateral stiffness of the reaction
rail under combined loads. NASTRAN results were compared with experimentally
obtained values and satisfactory agreement was obtained. The reaction rail was
found to buckle at an axial compressive stress of 78.6 MN/m2 (11 400 1b/in®).
The results of this investigation were used to select procedurss for installa-
tion of the reaction rail at the Pueblo test site.

INTRODUCTINN

Linear induction motor propulsion systems for high-speed ground trans-
portation vehicles are being tested by the U.S. Department of Transportation
at its ligh-Speed Ground Test Center near Pueblo, Colorado. One of these
vehicles, the Linear Induction Motor Research Vehicle (LIMRV) (see fig. 1), has
a linear induction motor approximately 3 m (10 feet) long which exerts axial
force against a vertical aluminum reaction rail supported by conventional
crossties of a railroad track (ref. 1). The reaction rail is a thin plate-
like member which is fusion welded into a continuous strip before clamping it
to the crossties. It experiences thermal loads because of ambient temperature
variations and localized axial loads which react the thrust of the linear
induction motor. The axial loads are small in comparison to the thermal loads
and are not considered in this study. In addition, lateral loads are imposed
on the reaction rail by the guide wheels of the linear induction motor. A
drawing showing the rail cross section and its attachment hardware is pre-
sented in figure 2.

The expected reaction rail temperature extremes at the test center range
from 239 K (-30° F) to 333 K (140° F), Since there are no expansion joints
in the reaction rail, normal atmospheric temperature variations cause the
Tail stresses to change as a function of the ambient temperature. For example,
if the rail is installed at 333 K, compressive stresses will not be developed
but the tensile stresses will be high at low temperatures. A stress-free
installation temperature T, between 239 K and 333 K subjects the rail to
compressive stress when the rail temperature exc2eds T, and tensile stress
when the temperature is lower than T,.
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Potential problems associated with compressive loading of the reaction
rail, including buckling znd reduced lateral stiffness, have been studied by

using NASTRAN and by laboratory experiments. A detailed description of experi-

mental procedures and results is presented in reference 2. [, special-purpose
finite-difference solution to the classical plate equalions with appropriate
boundary conditions was also formulated and these results are presented and
compared with selected NASTRAN results in reference 3. The current paper
presents additional results, provides details of the NASTRAN model, and makes
comparisons between NASTRAN and experimental results for the critical buckling
stress and the lateral displacement response of the rail under combined axial
and compressive loads. OSuggestions are also proposed for an improved reacticn
rail geometry.

NASTRAN MODEL

A drawing of the NASTRAN model used to represent the reaction rail is
presented in figure 3. A rail length of 5.56 m (219 inch) was selected for
study based on preliminary NASTRAN calculations whiech showed the critical
buckling stress for this length rail to be nearly independent of the boundary
conditions imposed on the rail ends. This insensitivity to end boundary con-
ditions is important since it implies that it is unnecessary to define the
exact boundary conditions imposed on the ends of a typical section selected
from the continuous iong-length test track. Geometric symmetry about the
specimen midlength permitted the problem to be represented analytically by a
model which included only hsalf of the specimen length. A rectangular network
of isotropic bending plus membrane quadrilateral plate elements (CQUAD2) was
used to represent both the vertical web and base flange components.

At any given axial station, the rail vertical web was represented by
seven plate elements and the base flange by four plate elements. Axially,
the half-rail wus represented by 34 plate elements. The center two base
flange elements had cross-sectional dimensions of 4.53 cm (1.785 in.) wide
and 1.0 cm (0.40 in.) thick while the two outer-base flange elements had
cross-sectional dimensions of 1.82 cm (0.715 in.) wide and 0.79 cm (0.312 in.)
thick. The vertical web voids were accounted for in the analysis by giving
the isotropic quadrilateral plate elements an equivalent bending stiffness
of 20.6 kN m (182 600 in-1b) which was calculated by treating the web as a
sandwich plate a:3 neglecting the separators between voids. This stiffness
representation was verified by comparing NASTRAN and experimental results
for the luteral displacement response of a 2.54 cm (1 in.) long section of
rail loaded by a L4S-N (100-1b) lateral force located at a height of 34.3 cm
(13.5 in.) measured from the rail base flange. NASTRAN results compared
favorably with experimenta). measurements as can be seen in figure L.

Clamped boundery conditions were imposed at the rail end while both
symnetry and antisymmetry conditions were considered at the rail midlength to
insure that the lowest buckling solution wes obtained. The restraint to
displacement imposed by clamps mounted to wooden crossties every 0.483 m
(19 in.) along the rail base flange was modeled analytically Ly a set of
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horizontal and vertical springs discretely located along the free edge of
base flange elements. Mathematical ill-conditioning was experienced under
certain c:aditions when the spring constarts were specified by a CEL S1 data
card. This problem was overcome by representing the spring constants by CROD
data cards in which a urit area rod had the required axisl stiffness and zero
torsional stiffness. The horizontal and vertical spring conztant magnitudes
were determined experimentally for the laboratory setup to be 12.6 and

75.3 MN/m per clamp (72 000 and 430 000 1b/in. per clamp), respectively.
Details of the technique used to measure these properties are reported in
reference 2. For comparison, calculations were also made assuming the clamps
to be fully restrained.

Axial stress was thermally introduced into the NASTRAN model as a result
of restraining the rail ends against axial displacement and introducing a near
isothermal temperature increase. Laterel loading was introduced by applying
a concentrated load at the model midlength and 15.2 em (6 in.) below the top
edge of the rail, Calculations were made with NASTRAN level 15 version.
Buckling solutions were obtained by use of the inverse power method of eigen-
value extraction (rigid format 5) and lateral stiffness calculations were
made by use of the differential stiffness capability (rigid format 4).

As a check on modeling and problem formulation, the axially loaded
classical plate-buckling problem in which the two vertical ends and the lower
edge are clamped and the upper edge is free was solved using NASTRAN. The
rlate size and model characteristics, except for the difference in lower
edge boundary and absence of the base flange, were identical to those for the
rail problem. The NASTRAN finite-element solution showed almost exact agree-
ment with the known solution (ref. 4). This agreement gave confidence that
the mudel was well formulated and that grid-point spacing was sufficiently
refined.

Typical Langley Research Center costs to compute the critical buckling
stress for the reaction rail model which had approximately 2000 degrees of
freedom using a CDC 6600 computer was $325. This cost included approximately
1700 CPU seconds and 28000 0/S calls and was run at a field length of 155 000g.
Tateral stiffness calculations cost approximately $220 and included approxi-
mately 1250 CPU seconds and 18000 0/S calls.

EXPERIMENT

The laboratory test setup involved clamping a 5.56-m (219-in.) length of
reaction rail to the center line of wooden crossties spaced every 0.483 m
(19 in.) in a fashion representative of the field installation method. This
length included a 13-cm (5-in.) section at each end of the rail between the
last base flange clamp and the end fixture. Clamped boundary conditions were
imposed at the rail ends. Rail crossties and clamp hardware were taken from
stock used in the Pueblo field installation. Axial compressive stress in
the rail was developed by restraining the ends against axial displacement and
neating the rail in a near isothermal manner using radiant heater panels.
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Thermocouples were used to measure the rail temperature, strain gages were
used to determine stresses, and linear voltage differential transducers (LVDT)
were used to measure lateral displacements. 4he electronic output was
recorded automatically and stored on magnetic tape for later reduction. A
detailed description of the test technique is reported in reference 2 and a
photograph of the laboratory setup is presented in figure 5.

Buckling and lateral stiffness experiments were conducted on each of two
reaction rail specim@ns. Prior to each test, the rail was surveyed and,
when necessary, shims were used to obtain the desired conditions of straight-
ness. A brief description of these two experiments is presented below.

Buckling of a "Well-Alined" Rail

In this test the specimen was heated to induce axiel compressive stress
until large lateral deformations were observed. The term "well-alined" indi-
cates a specimen which was installed as nearly straight on the test bed as was
practical. Typically, the upper edge and base flange were laterally alined
within #0.38 mm (20.015 in.) and #0.13 mm {#0.005 in.), respectively, of a
straight line drawn through the end points of the rail. This arrangement is
considerably better than that normally achieved in the field. The purpose of
this experiment was to define the rail bduckling stress and mode shape and to
determine whether large lateral deformations are elastic.

Lateral Stiffness Test

This test involved epplying a lateral point load at the rail midlength
and 15.2 cm (6 in.) below the top edge in combination with selected magnitudes
of axial stress. The purpose of this experiment was to determine the lateral
stiffness of the rail as a function of the applied axial compressive stress.
Lateral stiffness as used in this report is defined as the rstio of the lateral
point load to the lateral displacement at the point of application of the load.

RESULTS

Buckling

Theoretical and experimental Luckling results for a "well-alined" rail
are presented in table I. Two NASTRAN solutions are presented, onz in which
the base flange clamps were spring supported and the other in which the base
flange clamps were fully restrained (displacements and rotations set equal
to zero). The critical buckling stress for the case in which the flange clamps
were spring supported is 86.2 MN/m? (12 5000 1b/i2°) which is approximately
T percent lower than the solution in which the bese flange clamps were fully
restrained. In uLoth cases the lowest buckling stress was obteired with
symmetry boundary conditions imposed at the specimen midlength.
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:w earlier, later- stiffness is defined as the ratio of the lateral point load
§ to the latera. deflection produced at the point of application of the load.

| specimen and 15.2 em (6 in.) below the rail upper edge. The vertical location

B loads of up to 7560 newtons (1700 1b) were applied and lateral displacements
o as great as 1.9 cm (0.75 in.) vere experienced. In all cases the rail

j elastically veascted the loads and retwrned to its original configuration upon
l release of the load.

The experimentally obtained critical buckling stress was 78.6 MN/m2
(11 400 1b/in?) which is 9 percent lower than ‘he NASTRAN spring-supported
clamp solution. The experimental value corresponds to a rail temperature rise
of 49.1 K (88.4° F) from a stress-free state.

The classical buckling solution of a rectangular plate with properties
identical to the rail vertical web which is clamped on the ends and free on

§ the top edge is 37.0 MN/m? (5400 1b/in®) for the lower edge continuously

simply supported and 111.4 MN/m@ (16 200 1b/in2) for the lower edge continu-
ously clamped (ref. 2). These two extremes in boundary conditions bracket the
base flange support conditions and the reaction-rail base flange/clamp-support
system results fall approximately midway between the results for the continu-

g ous simple support and clemped conditions.

A comparison of NASTRAN and experimental results for the buckling lateral

¢ displacement of a line 2.5k cm (1 in.) below the rail upper edge is presented

in figure 6. The axial distance from the center line is normalized by the
rail height (0.533 m (21 in.)) and lateral displacements are normalized by thre
maximum displacement magnitude (which occurs at the top edge and center of

the rail). The experimental mode shape is not symmetric about the center

? 1line, but is biased to the right. This irregularit) may have been caused by

variations in base flange support conditions. Both NASTRAN and experimental
results exhibit a buckling mode shape of five half-waves for the 5.56 m

g (219~in.) long specimen. The midspan half-wave length given by both NASTRAN
B and the experiment was approximately 1 m (39.4 in.). A photograph of the
buckled rail is presented in figure 7.

Lateral Stiffness

The normel operating clearance between the linear induction mc*or and the
reaction rail is only 2.22 cm (0.875 in.) which sets an upper limit on the

§ permissible peak-to-peak amplitude of lateral dispiacements. The lateral

stiffness of the reaction rail is important not only to static load cousider-
ation but also to the dynamic performance of the LIMRV., Although this study
addresses only the static behavior of the reaction rail, rail properties
necessary for conducting a dynamic analysis were obtained. As indicated

The point lateral load in this study was located at the center of the

o A 2

vas selected to coincide with a positicn half-way between the upper and lower
guidance wheels at one end c¢f the linear induction motor. Experimentally,

A

The variation in latersl spring constant with axial compressive stress

j is presented in figure 8. The experimental results show a lateral spring

constant of 820 kN/m (4680 1b/in.) at zero stress which decreases nearly
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linearly to a value of 350 kI"/m (2000 1b/in.) at an axial compressive stress
of Th.5 MV/m? (10 800 1b/in<). The HASTRAN solution in which the base flange
clamps were fully restrained is only slightly lower th«sn the cxperimental
result (e.g., by only 5 percent for zero axial stress). The effect of
representing the clamps by horizontal and vertical springs is to reduce the
lateral stiffness by approximately 6 percent over the fully restrained

condition.

The lateral dlsplaceme 't of the vertical portion of the rail corresponding
to 35.6 MN/m@ (5160 1b/in) axial stress and a lateral load of LLL8 N (1000 1h)
obtained using NASTRAN is presented in the displacement contour plot of fig-
ure 9. Displacements have been normalized with respect to the maximum ampl?-
tude which has been scaled to a value of 100, The maximum amplitude is
approximately 1.1L em (0.45 in.) and occurs at the midlength snd upper edge
of the rail. 1In this NASTRAN solution, the clam_ =~ were modeled as horizontal

and vertical springs.

In addition to reducing the rail lateral stiffness, axial compressive
stress also affects the lateral displacement field of a laterally loaded rail.
This effect is shown in figure 10 in which the lateral displacements of a
line located 2.54 cm {1 in.) below the upper edge are plotted for three
magnitudes of axial stress in combination with a lateral load of LL4T N
(1000 1b). An increase in the applied axial stress causes an increase in
the maximum displacement amplitude and a decrease in the midspan effective
wvave length. As the axial compressive stress apprcaches the buckling stress,
the combined load results in a distorted five half-wave buckled mode shape
biased in the direction of the applied lateral load. NASTRAN and experimental
results are in good agreement for an axial stress of zero and 35.6 MN/me
(5160 1b/in? ; Experimental results are not available for an axial stress
of T1.2 MN/m® (10 300 1b/in€) since LLLB N (1000 1b) leteral load in combina-
tion witn this axial load would have resulted in unacceptably large lateral
displacements. Lover magnitudes of lateral load for this axial stress, how-
ever, did establish the distorted five half-wave pattern indicated by the

NASTRAN soluticn.

Improved Rail Design e

A parametric study was nade to determine the increase in the critical
buckling stress resulting from an increase in the bending stiffness of the
lover portion of the rail vertical web, The portion considered was the lower
one-seventh of the vertical web (7.62 cm (3 in.) measured from the vertical
web/base flange intersection). Results of this study are presented in
figure 11 vhere the reference bending stiffness and the reference criticul
buckling stress are those of the previously described model.

A 25-percent increase in the critical buckling stress is obiained by

increasing the bending stiffness by a factor of 8. This increase can be
accomplished for the subject rail by taking the same cross-sectional area and
increasing the total thickness of the lower portion of the vertical web to a
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aimension cf approximately 5.9 em (2.2 ir.). This approach ..ay have merit in
the geometric design of future reaction rails which react to compressive
loading subjiect, of course, to geometric constraints imposed by the linear
induction motor.

CONCLUDING REMARKS !

Satisfactory agreement was achieved betweer NASTRAN and experimental
results for the buckling load, buckling mode shnipc, latera) displacemernt
response to a point lateral Jload, and latera® stiffrness of the reaction rail
as 1 function of axial load. Parametric studies of the stiffness of the
lower portien «f the reaction rail indicate substantial improvements can be
obtained in the critical buckling stress by increasing the lower portion
bendiny stiffness.

The results cf this investigation show that substantial axial compressive
loads can be carried by the LIMRV reaction rail without buckling. Furthermore,
iateral deformations up to 1.9 em (0.75 in.) are elastic and disappear upon
release cf the imposed loads. The latter result means that even if the
reaction rail is installed at o stress-free temperature which is later
exceeded by sufficient magnitude to cause buckling, the event is not cata-
strophic if test operations are suspended for this interim period.

Based on these resultz, the r=commendation was given the Department of
Transportation that the LIMRV reaction rail test track be install:zd at a
stress-free temperature of around 297 K (75° F). The predicted buckling
temperature, hased on a 78.6-MN/m2 (11 L00O-1b/in®) buckling stress, would then
be 343 K (163° F) which is higrer than the rail enn experience through solar
neating at the test center. This recummendatic. was adopted by the Department
of Transpor~tation in the fall of 1972 in the installation of the Pueblo test
track. Successful operation of the LIMRV has been in progress since that
time with no problems encountered with the reaction rail.
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—— NASTRAN
2 EXPERIMENTAL
45
40 |-
DISTANCE 35}
FROM 444.8N ¢
BASE FLANGE, X[ (100 1b)
cm 25 f
4.3 cm
0 (13.5 in)
15 ..L#,,,;,
10
5

07.25.50 .751.001.251.501.752.002.252.50
LATERAL DISPLACEMENT, cm

Figure 4. Lateral displacement of 2.54 cm (1 in.) long rail section due
to 4Lh.8N (100 1b) lateral load applied 34.3 cm (13.5 in.) above the
base flange.
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FINITE ELEMENT
STRESS ANALYSIS OF POLYMERS

AT HIGH STRAINS

by Michel Durand and Etienne Jankovich

KLEBER COLOMBES, Theoretical Tire Engineering,
COLOMBES, France

SUMM*RY

A numerical analysis is presented fur the problem of a flat rectangular
rubber membrane with a circular rigid inclusion undergoing high strains due
to the actinn of an axial 1load. The neo-hookean constitutive equation~ are in-
troduced into the general purpose TITUS program by means of equivalent nookean
constants and initial strains. The convergence is achieved after a fuw itera-
tions. Yhe method is not limited to any specific progrem. The results are in
good agreemant with those of a Company sponsored photoelastic stress anclysis
The theoretical and experimental deformed shapes also agree very closely with
one another. For high strains it is dsmonstrated that using the conventionasl
HOOKE law the stress concentration factor ottained is unreliable in the case
of rubberlike mataerial,

INTRODUCTION

The structure of & radial motor vehicle tire is made up of two types of
components namely the reinforcing cords and the rubber. The most immediate
problem 1. tire 3tress analysis is that of the large displacements in the in-
flateu tire descrived in a previous paper (Referunce 1). It appears that the
mora important components are the reinforcing cords allowing the tire to take
a stable inflated shape. This particulsr problem can row be considered sas
solved.

However, in order to sclve the complete problem, the rubber’s behavior
must slsn be adequatly analyzed Ly means of an as econcmical as possible modi-
fication of exiztiing programs. Up until now, this vaery challenging problem of
non linear material behavir and incompressibility has only been solved in a
few special cases (Reference 2).

The aim of the present work is to sirass analyze the rubber parts of the tire
by using NASTRAN and TITUS. A test specimen encompassing a rigid inclusion is
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caleulated in uniaxial oxtension and the results are compared with Lthose of

pholovlasticily., The nxperimentol evidence shows tho limits of validity of
Lthese methods now available to the designer.
SYMBOLS

{k] Stiffness matrix, Nm

(B. Matrix relating strain to nodal displacements, mm/mm

A Surface of the membrane element, m<

(D) Constitutive law in matrix form, Nm~2

G Stress, Nm~2

€ Strain, mm/mm

€, Initial strain, mm/mm

v POISSON's ratioc, (no units)

W Clastic potential per unit volume of the unstrained body, Nm—2

Cq and C2 Constants of MOONEY, Nm-2

I3 Strain invariants, i = 1,2 and 3, (no units)

(E) Neo-hookean constitutive law of a membrane in matrix form, Nm™2

qg, Initial hydrostatic stress of a rubber membrane, Nm-2

u Displacement, m ,
0y ard T Principal stresses in the middle plane of the membrane, Nm~2
e Radius of curvature of the transverse isostatic, m

S Curvilinear abscissa, m r
qg, Normal stress tangent to the edge of the disc, Nm™2

C Photomlastic iaterial constant, N~ 1ml

a Radius of the disc, m

Subscripts:

T transposed

t true

¥ coordinate perpendicular tn the loal axis centered (n the middle of

the inclusion :
y coordinate along the load axis centered in the middle of the inclu-
sion

50




&
GENERAL APPROACH
HOOKE'S LAW
The elementary tests carried out show that for the material under consi-
deration HOOKE's law applies in relating true stress & to strain even in the
35 % mm/mm range. Thus, it may be assumed tentatively that the non linearity
of the rubber's constitutive law is only the result of the large displacements
experienced by the rubber.
Stiffness matrix
The stiffness matrix of the membrane plate element used can be written
(Reference 3)
(k) = (B x (D) x (B x A x d
d Thickness, m
A Surface of the membrane element, ml
(8) Matrix relating strain to displacement, mm/mm
(D) Constitutive law, Nm=2
As a result of the incompressibility condition A d = const. The accuracy
of the forces and the displacements depends on the accuracy of the terms B and
D.
Definition of D _é
&) |
1 x ",
g} = [D] €y b - zE'o N
f.,y ,
Experimentally the uniaxial law is =%
J'li»;r;-e,
O't = Eg where E is YOUNG's modulus i;
As a result ¢ must be replaced by O't in the equations, The only remain- +
ing term that has to be calculated in the course of the extension of the spe- P
cimen is B. Thus, this problem would seem to be identical to that of the large »
displacement problem.
» The true stress is computed per unit section area of the deformed body
whereas the conventional stress is computed per unit section arees cf thg
undeformed body.
.

51

el e

MR ot h o o

o



T N wree L

.o

. arwen

L, 1 e 5 gt

VU SV Kt e o e ot s s s+

it

In the case of rubber, however, it is well known that there is an addi-
tional, pressure type, term “p" in the constitutive equation. To eliminate
"p", renrnscnied by - (D) {€,. above, an additional equation in terms of dis-
placements must be written for each element. NASTRAN with its scalar slement
can handle such an equation. The resulting data input problem is however very
cumbersome. Thus, this solution may be uneconomical for every day use.

In order to demonsirate the existence of "p" a large displacement calcu-
lation was carried out with &€,= 0 and Y= .5. The largest transverse dis-
placement alang the x-axis passing through the middle of the inclusion was
13 % in error relative to the experimental values. This error was much larger
than the one obtained by means of the theary developed below.

MOONLY-RIVLIN CONSTITUTIVE LAW

The most common type of rubber material behavior equation is that of
Mooney-Rivlin (Reference 4). Considering that W is the elastic potentiil mea-
sured per unit volume of the unstrained body the postulated function is

= n - 1 -
W=, (11 . G (12 3)

Ii are the strain invariants (i = 1,2)

C,. C, are the constants postulated by Mooney.

1!

The theory of plane stress of very thin membranes applics to the rubber
specimen considered here. The deformations are symmetric about the middle
plane of the body and are essentially uniform throughuut thc thickness. The
pressure type component "p" is eliminated because in the present problem the
normal stress perpendicular to the specimen's surface is zero. Large displace-
ment equations are used in the B matrix.

The equations obtained are: {0} = {(E) {&} + {0}

0 are defined at points in the deformed body, but are measured per unit

area of the undeformed body.
The £ and ¢, are functions of not only C, and C2 but also of Exxs Eyy and Ey.
The matrix € is positive definite in the strain range considered.

In uniaxial extension the above egquations in terms of true stresses must be
identical to the well known equation (Reference 5) :

al -2 (C +C—‘) ()\ --';»-\ L where ¥ = .5
t 1 " A- 1 -yp?
4 "j bV
and A"= b+ 611
This happens only if C; is zero and the de” -mations are limited in size. Surh

a material is called nec-hookean. The constant C4 is determined by means of
the latter equations in an uniaxial elemuntary extensior test. C1-.71 MN m™<,
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The solution of the equations is carried out by using an equivalent se-
cant modulus method. The full load is applied in this trial and error approach.
The first solution is obtained by the hookean constitutive low where g is set
al. 7oru.

NASTRAN AND TITUS ANALYSIS

The program of J.T.0den, OK1, (Reference €), is designed for analyzing
rubberlike material. Thus it came under considsration first, but it can only
analyze plane strain plates whereas our problem is a plane stress problem # .

The solutions obtained by the TITUS and NASTRAN programs have been compa-
red at the first iteration. TITUS uses isocparametric quadrilateral membrane
elements while NASTRAN has constant stress CQDMEM elements. The stizsses differ
only by 2 %. Howsver the difference between the displacements of : ASTRAN as
compared to those of TITUS was 4 %. The results of NASTRAN were much further
away from the experimental ones than those of TITUS. In this particular case
the CPU computation time was 50 s for TITUS and 84 s for NASTRAN using UNIVAC
1108 (EXEC 8).

MODIFICATION OF TITUS

The TITUS program was developed in France by CITRA now called SPIEBATI-
GNOLLES Inc. Because of the proximity of the development team it was easy to
modify the program. By means of a minor modification it is possible to calcu-
late the modulus E and G, internally elementwise at each iteration with the
help of C4 and the strains.

The test of convergence was carried out by comparing the arithmetic mean
of the displacements cbtained at esach iteration. At lower loads (9.8 - 13.6 N)
the convergence was achieved after about six itaretions whereas at 29.4 N ten
iterations were needed. In the first case the computation time was 84 s CPU
on UNIVAC 1108 (Exec 8).

MODELING OF THE PLATE

The finite wlewment idsalizaticn of the membrane encompasses 107 nodal
points and 84 quadrilateral elements. In order that the theoretical solution
and expserimental results could be satisfactorily compared, the three loading

% In linear slasticity plane strain and plane stress problems are conjugate.
This is not the case, however, for rubbarlike materials.
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conditions were given in terms uf displacements at the end of the specimen.
ihe modeling of the membrane is shown in Fig. 1.

Boundary condftions

Case 1 Case 2 Case 3
Upper line Uy = 3.45 mm Uy = 6.613 mm uy = 11.79 mm
ux = 0 ux = 0 ux = 0
Around inclusion u =20 u =20 u =10
y y y
u =0 u =0 u =20
X X
Along Y-Axis u =20 u =0 u =0
X X X
Along X-Axis u =0 u =10 u =0
y Y y

Since the loading and the deformations are assumed to be symmetrical, only
one-quarter of the plate needed to be considered.

EXPERIMENTAL WORK

TEST SPECIMEN

The model test specimen is a rectangular coupon cut out of a polyurethane
plate furnished by PHOTOLASTIC iInc. The coupon is tran r-rent and isotropic e
when not loaded. A circular hole is cut out of its centes and is fillasc 'n
with araldite which is reinforced with glass beads at & ratio of 100 . Tne
stresses due to tha contraction of the disc during polymerisation have bean
observed by means of crossed polarisors and have been eliminatzd by an applicd
compression load in order to keep the neutral state of stress in the specime:.
The disc is much stiffer than the rest uf the coupon and there is perfect ad-
hesion between them. The grips are glued on to the ends of the rectangle. The
only load applied is a vertical load along the speciman’s axis and it is mea-
sured by means of strain gages. Viscoelastic gffects ars suppressed by load-
ing up gradually.

The dimensions of the specimen are 117 mm x 42 mm x 1.02 mm and the dia-
meter of the disc is 14 mm.
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Using a transmisslon polariscope, the isoclines are determined with the
help of in-plane polariced white light and the 1sochgomes with the help of mo-
nochromatic circularly polarized light (DNa = 5690 A).

The isostatics are obtained from the isoclines using graphical means.

PHOTOELASTIC STRESS ANALYSIS

In rubber the lightwave path difference is proportional to the difference
. of the principal stresses 09 - U, and also proportional to the instantaneous
. thickness of the specimen (Reference 7)

$5 =Ce (CI1 - CE]

b, The material constant C is determined by a uniaxial elementary tension test.
¥ The value obtained is

C = 3.21 + 0.03 m2 daN~"1

The principal stresses along the vartical and horizontal symmetry axes are de-
termined by integrating graphically the equation of Lamé& and Maxwell (Refersnce
8)

g, -0, Ja;
0-‘ - Gl 30’, - o
eq_ * Esl e

f5} where p is the radius of curvature of the transverse isostatic and s 1s the
IR curvilinear abscissa at a given point. The subscripts 1 and 2 refer tc the
% two familiss of isostatics.

The starting point of the integration along the x-axis is taken at the

mf{; edge of the specimen where the stress 0, is zero.

For the integration along the vertical axis the poin of reference for the

*”ﬁ; integration is tekern in the region of uniform streas betwe.n the grips and the

disc where 02 is zero. Along the edge of the disc the stresses 04 and Q'; are
obtained using ths normal stress T, tangent to the disc and they vary as fol-
lows:

3 G, 30-,'
2 i L
and g =09 +(0-09) sin?q i

'f where o is the sngle between the direction of @ and the isostatic O 4. "

The value of Ty 1is a function of the accuracy nf the measurement of the

B isoclines. As the experimental determination of the iatter is relatively inaccu-

rate, in particular at the top of the disc, the accumulated errors mesy be quite
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ing from the horizontal axis, the values of a9

large. For this reason, start
% greater than the ones obtained starting form the

and o, at the top are 1%
other axis.

DISCUSSION OF THE EXPERIMENTAL AND THEORETICAL RESULTS

DEFORMED SHAPE

oy

The theoretical and experimental results obtained for the defurmed shape
are in excellent agreement as shown (Figs., 2-4). By different experimental me-
thods the overall transverse displacements at the horizortzl symmetry line have

been determined as follows:

LOADING EXPERIMENT TITUS
Uy Uy
(mm) (mm)

B % - 0.4 + 0.05 - 0.434
1.5 % - 0.75 + 0.05 - 0.806
20.5 % - 1.4 + 0.05 - 1.44

ISOSTATICS

The theoretical and experimental results showing the distribution of the
isostatics over the surface of the rubber coupon are plotted in Fig.5. On the
left side are shown the calculated principal stresses and on the right side
the envelopes of the co~responding experimental principal stresses. Taking into
account the fact that the theoretical results ore relative to the undeformed
surface of the specimen, the agreement is again excellent. The following table
shows the values of the applied longitudinal force.

LOADING EXPERIMENT TITUS
Force Force
(N) (N)
6 % 8.8 + 0.2 10.6
11.5 % 19.8 + 0.4 18.4
20.5 % 29.4 + 0.6 28.2 ’

The mesh used in modeling the ends of the specimen was very coarse, the prin-
cipal aim being to demonstrate the behavior of an inclusion imbedded in a rubbe
matrix. Thus, the error obtained is accordingly larger in this region.
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ISOCHROMES

The oxpurimental stress dlstribution over tho surtace of the spocbnens
has been established by meoans of the isochromes. No quantitative comporison 1o
shown herc as the numerical results are relative to tho undeformed shape and
are in terms of the conwventional stresses, (Fig. 6-8). The autcomatic plotting
of the required true stress isochromes is being developed at the present time.

However, the shape of the isochromes shown agrees qualitatively with the
experimental ones. As demonstrated below the numerically obtained longitudinal
true stress concentration factor is very accurate. Thus it can be conjectured
that the agreement must be also gquantitative.

PRINCIPAL MEMBRANE STRESSES

In Fig. 9 the true principal membrane stresses together with the experi-
mental ones are shown. The shape of the two families of curves obtained are
identical. However there is a vertical shift of the theoretical ones relative
to the experimental ones. The difference is quite small and remains within the
limits of the accuracy of the experiment. It must be noted that at the top of
the inclusion, on the y-axis, the experimental results differ according to
whether the point is approached from the right or the left. The mean of the
two values is located very near to the theoretical point.

At the interssction of the x-axis with the contour of the inclusion two
nearly identical compression stresses are obtained experimentally. This re-
sult agrees with those obtained by theoretical consideration in reference 9.
The numerical calculation gives two stresses of oppcsite sign, however. This
is explained by the fact that the stresses are calculated at the center of
gravity of the elsment. In this region C of Fig. 10, the stress gradient is
very large. Thus, even though the 0'1 stress is positive at —-— 1.07, the cal-
culation point, it is negative at—- = 1. that is at the experimental recording
point. Taking these facts into account the agrsement between the finite ele-
ment results and those of the experiment is very good.

STRESS CONCENTRATION FACTOR

Ihe stress cuncentration of the longitudinal principal stress along the
y-axis is plotted in Fig. 10. The maximum stress concentration factors are

Experiment 1.28
Finite element results 1.39
Linear classical elasticity 1.54

The agreement between the experiment and the numerical results is excel-
lent. It can be concluded further that the linrar elasticity gives unreliable
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stress values in the case of rubber for strains reaching 18 % or more.

CONCLUSION

The close agreement obtained between theoretical and experimental results
demonstrates the validity of the large displacement equations, and of the neo-
hookean constitutive law used in the modified TITUS program. However, the use
of the derived method is not limited to any specific program. After some minor
modifications any geometricually nonlinear finilte elemunt program may ba ap-
plied to the analysis of rubber at relatively high strain.

The importance of using the proposed theory instead of the conventional
HOOKE typs formulation to design rubber parts is made evident by the fact
that, using the conventional theory, the stress concentration factor of the in-
clusion obtained has an srror of about 20 %.
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Figure 2. ~ Finite Element Solution and Experimental Deformed Shape
Load = 19.6 Newtons.
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on the Undefurmed Shape
(TITUS)

Figure 5. - Conventional Principal Stresses and Experimental Isostatics.

Load = 19.6 Newtons.
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TITUS Solution Expariment
Difference of the Isochromes - Difference of the
Conventional Principal True Principal
Membrane Stresses Membrane Stresses
in the Undeformed Body in the Deformed Body

Figure 6. - Isochromes - Numerical Results and Expsriment.
Load = 5,81 Newtlons.
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TITUS Solution Expsriment
Oiffersnce of the Isochromes - Difference of the

Convantional Principal True Principal
Memorane Stresses Membrans Strasses
in the Undeformad Body in the Deformed Body

Figure 7. - Isochromes - Numerical Results ang Experiment.
Load = 19,6 Newtons.
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Figure 8. - Isochromes - Numerical Results and Experiment.
Load = 28,4 Naewtons.
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NASTRAN STATIC AND BUCKLING ANALYSIS -
COMPARISON WITH OTHER LARGE-CAPACITY PROGRAMS

by Lalit C. Shah
Rockwcll International
B-1 Division
Los Angeles, California

SUMMARY

A squarc plate with clamped edges under a concentrated load was modeled
using NASTRAN (refesence 1) and ASKA (reference 2) finite element computer
programs. Deflections were computed for various width-to-thickness ratios

(b/t) of the plate element, and were compared against the classical theory to
determine the b/t limitations.

A cylinder with simply supported ends was modeled using NASTRAN and
STAGS (reference 3) computer programs for buckling analysis. The models -.ere
subjected to a uniform radial pressure loading. Several parameters were
changed, and the effects of those variations are presented. Utilizing these
data, a model which will produce results comparable to published empirical
data can be constructed and processed for a minimized cost.

STATIC ANALYSIS

The user nf finite element computer programs has numerous limitations to
be considered when constructing a mathematical model of the structure to be
analyzed. Although considerable information is available concerning the plate
element aspect ratio (a/b) (i.e., length-to-width ratio), the effect of vary-
ing the width-to-thickness ratio (b/t) has not previously been presented.

The effect of varying the plate element b/t ratio was investigated for the
NASTRAN and ASKA finite element computcr progrants.

This investigation utilized a square plate with clamped edges. Two ele-
ments, CTRIAZ and CQUADZ, available in NASTRAN, were used in two separate
models. One triwungle-plate element, TRIB3, available in ASKA, was used in
the third model. These models, shown in Figure 1, were 152.4 cm (60 inches)
square plates with varied thickness to achieve the b/t ratio desired. The
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basic model mesh size was selected based upon previous experience. One model
with mesh size reduced by a factor of 2 was processed, and the results wcre
compared to verify that the basic model mesh size was valid.

One loading, which consisted of a concencrated load applied in the geo-
metric center normal to the plate, was selected due to its ideal checks for
the bending characteristics of any plate element. This loading was applied to
cach model processed.

y The results of the two NASTRAN models and the ASKA model are surmarized

‘ in table I. The resulting computed deflections for the three models are tabu-
iated for the various b/t ratios investigated. Included in this tablc are the

' theoretical deflections based upon classical equations (reference 4). These

deflection data are presented graphically in figures 2 through 4. The plot of

the percentage difference between computed deflection and theoretical deflection

is shown in figure 5 for the three models investigated. The two NASTRAN plate

elements, CIRIAZ and CQUAD2, break down in regions of b/t less than five. The

ASKA element, TRIB3, is quite consistent, even for extremely low values of b/t.

It is apparent that a limitation on the value of b/t exists for the NASTRAN

R o} L T VR

.

i plate elements. This limitation should be considered along with the aspect
by ratio (a/b) limitations when constructing a model for the NASTRAN computer
program.

BUCKLING ANALYSIS

Buckling analysis is an eigenvalue problem which may result in very high
computer processing costs to achieve a valid solution. This report presents
an investigation into the various modeling parameters that affect the solution
and the computer cost. The results of this study reveal an approach to achiev-
ing a valid solution for minimized computer cost.

E,*;j‘ This investigation ccnsidered a cylinder under uniform radial pressure -
Lo loading. According to Donnell's equation, under uniform radial pressure, the
Wl buckling stress of the cylinder is:

R T T PN

.
0
s ES

—
0N

K n'E 2
Yy [y
cr © 2 (ED

12(1-v7)

For moderately long cylinders, this equation gives quite good correlation with
test data (reference 5), For this investigation, a data point was selected
where the test result and the preceding equation value practically coincide.
This cylinder model is shown in figure 6. The cylinder was modeled for
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- B¢ were processed on {DC 6600 computer system. The resulting machine time data
} are presented in tables iV and V. This information is converted to machine

NASTRAN, a finite element computer program, and for STAGS, a finite diffcrence
computer program. Essentizlly, the same parameters werc varied for both models
in determining effects upon the solution validity and the computer costs.

The results of the NASTRAN and STAGS models are presented in tables |l
and III, respectively. These data are presented in figurcs 7 through 9.
Appendix A contains the mode shapes for all the models studied in this
investigation.

A significant parameter in modeling for either NASTRAN or STAGS is the
circumferential spacing of grid points which determine the number of elements
per half wave-length. As indicated in figure 7, an extremcly narrow range of
circumferential spacing may be considered in modeling in order for NASTRAN

"”5: buckling analysis to achieve valid results. The NAGTRAN model that is very

fine is equally as erroneous as a model that is very coarse. These models
- that are outside this narrow band of acceptable circumferential spacing pro-
Jduced results that deviated from the theoretical value by up to 70 percent.

3 The improper selection of the circumferential spacing for the STAGS program

p can result in extremely high errors, over 3,000 percent, as shown in figure 7.

E The results from the STAGS models indicate that the error percentage is directly

related to the coarseness of the model, and as the circumferential spacing is

;;i reduced, the computed value approaches the theoretical solution. For this
@ particular cylinder model to achieve a valid solution, the STAGS model required
£ a 3-degree circumferential spacing, whereas the NASTRAN model required a

. 10-degree spacing.

The aspect ratio of the plate elements was considered as an important

B parameter in this investigation. Although most of the models utilized a
fE constant number of uniformly spaced longitudinal cuts, a few were processed
B using nonuniformly spaced longitudinal cuts to determine the effects of vary- L

& ing the aspect ratio. It was a surprise to learn that the results did not

2 change appreciably. Apparently the aspect ratio of the plate elements is not a
i critical parameter for NASTRAN buckling analysis. The data presented in fig-

@ urc 8 for extremely low and extremely high aspect ratios are related to the very
coarse and the very fine circumferential spacing models, respectively. There- .
fore, the most probable reason for the results is due to the circumferential A
{ spacing. a

The NASTRAN models were processed on 1BM 370/165, and the STAGS models f?

cost in dollars and preseuted in figure 9. Even the very fine model used in
, STAGS to achieve a valid solution resulted in less computer cost than any of -
the NASTRAN models processed. This may be partly attributed to the two com- .
puter systems used in the investigation. Aithough figure 9 presents the com- :
puter cost, a significant part of the total cost for buckling analysis is the
man-hours required to construct the model and prepare the data. Also, the
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NASTRAN program provides a lot more flexibility in modeling as compared to the
STAGS program. The total cost data for this investigation are not available,
but it is estimated that for a typical problem, the total cost would be nearly
equal for these two programs.

CUNCUUSIONS

In the static analysis investigation, it was determined that the NASTRAN
plate element has a width-to-thickness ratio (b/t) limitation, as well as an
aspect ratio limitation. These are both important parameters tc be considercd
in modeling thick plate structures. FExtra care should be excrcised to aveoid
large aspect ratios and/or small (less than five) width-to-thickness ratios.
The investigation did indicate that ASKA element TRIB3 is consistently valid
for extremely low values of b/t. For those structares whose configuration
requires modeling to b/t values less than five, it is recommended that they
get processed using the ASKA program or use solid elements available in
NASTRAN.

The buckling analysis investigation revealed that mcdeling requirements
are quite different from static analysis. The conventional rules for static
analysis modeling are neither sufficient nor applicable for buckling analysis.
Although the effect of varying aspect ratio is negligible, the effect of vary-
ing the number of clements per halr wavelength is very critical *o both a valid
solution and the computer cost. The cost of performing a valid buckling analy-
sis is very high mcasured by static analysis standards. Although STAGS com-
puter cost is quite low, the man-hour cost is quite high, compared to NASTRAN
costs. The evaluation of the buckling analysis performed in this investigation
has revealed that it is very difficult to separate a reasonable solution from
an erroneous solution. The NASTRAN models indicate an extremely narrow band
of circumferential spacing (number of elements per half wavelength) may be
selected for a valid solution, whereas the STAGS models indicate the finer
models produced an acceptable solution.
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6 Circumferential spacing

L Length of ~vlinder element

a Length of plate

b Width of plate

t Thickness of plate or cylinder

R Cylinder radius

Pcr Critical buckling load — program output

P Critical buckling load — theoretical value

Oy Critical buckling stress — theoretical value
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Table I

STATIC ANALYSIS - DEFLECTION DATA

=

Plate
Thickness NASTRAN NASTRAN ASKA Theoretical
t (cm) | b/t QUAD2 CTRIA2 TRIB3 (Ref M
1.27 20,0 | 15.00 x 1074 ] 13.64 x 108 | 13.30 x 107 | 14,01 x 1071
5.08 5.0 | 24.0 x 1073 22.07 x 103 | 2009 x 1073 23.37 x 107>
1016 | 2.5 {3.2x10% | 297x10% | 2.62x10° | 292 x107°
, -4 -4 -4 , -4
15.24 1.67] 10.39 x 10 9.73 x 10 7.82 x 10 8.61 x 10
20,32 1.25] 4.93 x 1074 | 465 x 207° NA 3.63 x 107
-4 -4 -5 -5
25.4 1.00| 2.87 x 10 2.72 x 10 16.74 x 10 18.54 x 10
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Table I1

BUCKLING ANALYSIS - EIGENVALUE DATA NASTRAN MODEL

Mesh Size Degree
Shell 6, deg | ¢, cm Pcr/P nf Freedom*
90 2 25,4 1.6434 T1
90 5 25.4 1.5409 T1
90 9 25.4 1.3614 RZ
90 10 2h.4 1.0390 R,
90 11 25.4 .7844 R2
180 20 25.4 .5568 R3
180 30 25.4 .3079 R3

*Eirenvectois are rornalizea with respect to this degree
of freedom.

Table 111

BUCKLING ANALYSIS - LEIGENVALUL DATA SIAGS MODLL

. Mesh Size P_/p llc:grcc .
ell 6,deg | £, cm cr of Freedom
90 3.1 4.24 1.08 T
90 3.1 | 9.53 1.09 1
90 3.1 |18.05 1.11 "
90 3.1 381 .37 T
90 5.3 4.24 1.27 T
90 11.25 | 12.7 2.78 'l‘1
90 32.5 | 12.7 29.9 Tl

*Eigenvectors are normalized with respect to this degree
of freedom.

[p)

SRR f%@}wwr
.

Yo el S

!i:'



.-

NS v S iy ey s ot

Table IV

BUCKLING ANALYSIS - MACHINE TIME DATA NASTRAN MODEL IBM 370/105

Number of CPU Time Channel Time
Grid Points {sec) (sec) Billing Units
184 222.432 114.732 28.9015
76 80.208 93.438 12.9700
44 57.732 91.212 10.4553
40 63.23 102 72 12.1796
40 54.63 93.75 10.8100
36 58.398 104.118 11.5798
28 43.662 95.358 9.6276
Table V

BUCKLING ANALYSIS - MACHINE TIME DATA STAGS MODEL CDC 6600

Number of CPU Time 1/0 Time
Grid Points (sec) (sec) System Sec
300 46.228 105.800 72.678
180 18.469 40.9 28,694
150 19.176 48,626 31.332
90 11,312 33.816 19.766
60 7.858 30.624 15.514
36 3.227 21.162 8.517
20 2.036 23.259 7.85
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APPENDTY. A

P../P=1.6434; {=25.4 cm; §=2°

Figure A-1. Mode shage - NASTRAN model.

P,,/P = 15409; { = 25.4cm; 6= 5

Figure A-2. Mode shape - NASTRAN mwdel.
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P,./P=136l4; (=254 cm; §=9°

Figure A-3,

Mode shape - NASTRAN model.

P /P =1.039; £ = 25.4 cm; § = 10°

Figure A-4.

Mode shape - NASTRAN raodel,
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P,./P = 0.1844; ( = 25.4 cm; = 11°
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Figure A-5. Mode shape - NASTRAN model.

P,./F = 0.5568; { = 25.4 cm; 6= 20

Figure A-6. Mode shape - NASTRAN model.
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P../P = 0.3079; ¢ = 25.4 cm; 6 = 30°
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yigure A-7. Mode shape - NASTRAN model.

P,./P=108; £=424cm; 0= 3.1°
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Figure A-8. Mode shape - STAGS model.
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Figure A-10. Mode shape - STAGS model.
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P _/P=0.37; 0 =38.1cm; 6=3.1°
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Figure A-11. Mode shape - STAGS model.

P,./P=12T; { =424 cm; 6= 5.3°

Figure A-12. Mode shape - STAGS model.
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NASTRAN ANALYSIS OF AN AIR STORAGE PIPING SYSTEM

By Clarence P. Young, Jr., A Harrer Cerringer, and Richard W. Faison
NASA Langley Research Center

SUMMARY

This paper summarizes the first Lergley Research Center application of
NASTRAN to a complex piping design evaluation problem., Emphasis is placed on
structural modeling aspects, problems encountered in modeling and analyzins
curved pipe sections, principal results, and relative merits of using NASTAAN
as a piping eanalysis and design tool. 1In addition, the piping and manifolding
system was analyzed with SNAY (Structural Network Analysis Program) developed
by Lockheed Missiles and Space Company. The parallel SNAP study provides a
basis for limited comparisons between NASTRAN and SNAY as to solution agree-
ment and computer execution time and costs.

INTRODUCTION

The new Langley Research Center (LaRC) 4.137 Mn/nz (600 psia) air stor-
age facility is being constructed to efrect repairs to the system that was
damaged in the Langley 9- by 6-root thermal siructures tunnel manifold fail-
ure in September 1971, Tecause of the increased coucern and emphasiz at
LaRC on safety in facility design, a rigorous stetic analysis of the piping
ana mar.folding system design was performed within the Systems Engineering
Division (SED). Since NASIRAN had beea used exteusively within SED for
analyzing aerospace~-type structures, i1t wus decined that the piping applica-
tion would provide the desired degrec¢ uf rigor nud at the same time exercise
the applicability of NASWRAN as a pipi: : <nalynis cocl.

The purpose of “his paper is to docur:iri .“¢ results and experience
gained in applying NASTRAN to a complex v.e.cor.ced piping system. Although
NASTRAN was not dcveloped as a piping ara.vsi: tool, it can be used to simu-
late the extensional and bending behavior ¢ pipes which cen be characterized
as beams, (See, e.g., ref. 1.) The besic approach is that of a stress
analysis of the given design for varicus static loading conditions. The
calculated stresses are then compared with allovable values es obtained from
references 1 to 3. These comparisont serve as a basis for eveluating struc-
tural adequacy.

SYMBOLS

A cross-sectionul area of pipe, n° (in2)
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3

¢ distan.e to outermost fiber measuread from bend axis, m (ir |

) é Fi(PA) static pressure loading
i h bend characteristic (defined by eq. (1))
, 1 1 area moment of inertia of pipe c»nss section, mu (inh)
] IPS internal pipe size
é j in stress intensificati-n factor
? M bending moment
% P internal pipe pressure, N/m2 (lbf/inz)
: R radius of pipe bend, m (in.)
g r mean radius of pipe, m {in.)
T . temperature, °K (°F)
{ t pipe wall thickness, m (in.)
v, wind velocity, m/s (mph)
' XY 2 element coordinate system
a angle measured from bend axis of pipe to point of peak stress
(see fig. 5), deg
g stress predicted by elementary vcom theory, N/m2 (lbf/inz)
Subscripts:
y bending abou* Y-axis
} f," ; z bending about Z-axis
ANALYSIS

Facility Descrintion

The nevw air »iorage facility is depicted in figure 1. Basically, the
system coasists cf 167 air storage bottles connected vy manifolding to the
main head:r O,Gl~m-diameter (2h in.) supply line. The nev main header is tied
tu an existing overhead . ine vaich is illustrared in the photograph of rigure 2,
In zrder L0 assess the totul interaction loading e¢’fects between the existing
line ard the new lines, the existin. line wvas modeled as well,
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NASTRAN Mcdel Characteris.ics

The NASTRAN model of the piping and manifolding system is illustrated in
the perspective plot of figure 3. The model includes the existing overhead
0.61-m (24 in.) supply line, *he new 0.6l1-m (2L in.) Line, the new 0.20-m
(8 in.) and 0.25-m (10 in.) lines, 0.15-m (6 in.) meunifolds, ard 0.038-m (1%
in.) distribution (goosene ¥) connections to storage bottles. Anchor points
for the piping system are as shown in figure 3 with the gooseneck lines being
fi.ed at the air storage bottle flanges.

Bar elements are used throughout to characterize the pipe elongation,
twist, and Lending behavier., Tn total 7%h bar elerc-te weye used with the
reduced problem (. ..straints and boundary ccnaicic.. . .czed) being cnaracter-
ized ty approximately 3500 degrees of freedom.

Curved Pipe Consideraticns

1 One of the more interesting aspects of the aralysis conceins the struc-
i tural modeling and prediction of stresses in curved pipe sections. It is

. known that curved pipe sections behave quite differently compared with

f- straight sections when subjected to bending loads. Wl.~n bending loads are

' imposed on a cuarved pipe, the cross scction tends to cvalize or flatten on

P one side, which results in increased flevibility and « stress redistribution.
& (See, e.g., ref. 1.)

: Structural modeling and flexibility effects.-~ Since there are no curved

i bar elements within NASTRAN, the pipe e¢lbows were modeled as a s2ries of

§ straight bar elements as illustrated ir figure 4. For the 90° elbows in the

£ 0.61-m (24 in.) line, three bar elem:rnts of equal length were used to complete
the turn. Additionally, the pressure loadings F;(PA) shown acting in the
figure were developed to satisfy equilibrium around the bend. It should

BR be noted that the number of clcments used to represent the curvel pipe se_-

8 tions varied, depending on pipe size and turn angle. For example, the 90°
IR bend on the 0.038-m (1% in.) pipes was modeled using one bar element connect-
} ing the pipe center-line poirts of tangency.

In order to characterize the increased flexibility in the curved regions,
the bending modulus of each element was reduced by a flexibility factor
defined as the ratio of the resulting increased deflectinon of a curved pipe
to that predicted by beam theory. Theoretical flexibility factor data were
obtained from reference 1, which gives the flexibill.ty factor as a function
of the bend characteristic h defined as

h= =5 (1)

Stress intensification.- Elementary beam theory canrot account for the
actual stress distributions in curved pipe as illustrated by the .omparative
distributions given in figure 5. Whereas beam theory would preict the
maximum stress to occur at the outermost point from the bend exis, curved pipe
theory shows that the peak stress shiftc toJard the neutral ¢ :is (corresponds
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to a =0 in fig. 5) and also becomes intensified. The ratio of the maximum
stress in a curved pipe to that predicted for a straight pipe is defined as the
stress intensification factor i,. Also, not only do the longitudinal stresses
become ampliified, but high circumferential stresses are predicted as well.

In figure 5, the orientation of the predicted points of maximum stress
for both in-plane and out-of-plane bending of the elbow is seen to be 26°
measured from the bend axes. In-plane bending is defined as a bending moment
about an axis normal to the plane of bend (2-axis in fig. 5) while out-of-
plane bending corresponds to a moment about an axis in the plane cf bend
(Y-axis in fig. 5). The in values fcr the elbow of figure 5 as predicted by
data given in references 1 and 2 are as follows:

fe g te g e vl vt

Reference 1 Reference 2
; i; (circumferential) . . . .. . 6.6 3.5
; ; i, (longitudinal). . . .. .. . 5.0 3.5
N
: i i (longitudinal). . . . . . . . 4,3 3.5
| % i), (circumferential) . . . . . . T.V 3.5
22 - Note that values given in reference 2 are about one-half the theoretical

values given in reference 1 and are constant for both in-plane and ouc-of=-
plane bending. The lower values are based largely on experimental results
. and appear to be more realistic for design.

It is apparent that the actual stress distributions in the curved regions
become quite complex for the situation where both in-plane and out-of-plaune
bending loads are present. Time did not permit research into the area of

) stress determination around the pipe for combined bendir - loads; therefore,
I .§ predicted maximum stresses were added in the most adverse manner as a con-
§ servative approach.

Applied Loads

1 The static loads used for the analysis included the total pressure,
RN thermal loadings for a temperature rise and fall of 268° K (60° F), gravity
. l} loads, and steady wind loads at 44,7 m/s (100 mph). Solutions were obtained

} for the independent loading conditions as well as for the total combined loeads.

i In this manner, the stress contributions for the separate and combined load-

3 ings were obtained for comparison with the allowable working stress criteria

! given in references 2 and 3.

Analysis Procedure

The analysis procedure is depicted in the flow diagram of figure 6. Note
from the flow diagram the incorporation cf the flexibility and stress intensi-
fication factors. As stated previously, the bending flexibility in the elb-.w
regions was accounted for by reducing the section modulus of the bar elements
which make up the curved pipe sections.
| 92 ;
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< REPRODUCIBILITY OF THE ORIGINAL PAGE 1S POOR.

. Since NASTRAN cannot recover the combined stresses for either straight or
curved sections of pressurized pipe, it became necessary to write a separate
‘'stress calculations program. This program uses the input of element forces
‘and moments and generates the combined pressurized pipe stresses (e.g., hoop

c-ses are accounted for along with torsional stresses) and also applies

: stress intensification factors in the elbow regions. Once the combined
resses are calculated for the highest loaded elements, these values are then
;mpared with the allowables and guideline vaiues of references 1 to 3.

<

DISCUSSION OF RESULTS

The results of the NASTRAN analysis proved to be quite beneficial not only
for verifying the adequacy of design but also for identifying potential problem
areas and for efficient selection of anchor point lccations and pipe bend
radii. For example, one early finding in the analysis identified an over-
stressed situation for the gooseneck at the last row of air storage bottles
nearest the main header. 1In this instance, an error in the design calcula-
tions had resulted in a pipe length selection that was too short. Had the
NASTRAN analysis not been performed the error probably would have gone un-
noticed with failure likely.

General Stress Results

In general the calculated strecsses throughout the system were within the
required working allowables of references 1 to 3 and in only a few isolated
areas equaled or slightly exceeded the conservative combined loasding stress
guidelines given in reference 1. (The calculated stress values are not
presented or discussed in detail for reasons cf brevity and lack of signifi-

3 cance within the framework of the present paper.) Based on the NASTRAN calcu-

' lations, the design was acceptable; however, the design was also examined in
view of obtaining stress reductions in particular areas of concern. As it
turned out, the stress condition of the greatest concern occcurs in the last
goosenecks nearest the 0.61-m (24 in.) main header. The higher stresses occur
in these goosenecks as & result of thermal and pressure expansion in the main
header pipe. Two options considered for reducing these stresses were (1) to
relocate the anchor point and (2) to select a more desirable bend radius for

‘ H the goosenecks. These options are examined in the following subsection.

Analysis of Potential Stress Reductions

Two selected studies on stress reduction in the gooseneck pipes are dis-
cussed in this section. Other studies were made which proved 1o be useful
for identifying local problem areas but are beyond the scope of the present
paper.

Anchor point location.= The main header line and manifolding to the air
storage bottles are illustrated in the schematic of figure 7. The point of
fixity is located at x = 17.07T m (672 in.) (support tower) with guide locations
as indicated. It should be noted that a guide support is designed to allow the

pipe to slide (longitudinally) while providing constraint in all other directions.
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The baric behavior which leads to the previously mentioned high stresses
in the last row of distribution lines (goosenecks) is thermal and pressure
expansion of the main header. The local deformation behavior of a row of
goosenecks due to the main header expansion is illuctrated in figure 8. The
fixity at x = 17.07T m (672 in.) leads to pipe expansions buth toward the
origin x < 17.07 (672 in.) (negative) and toward the air storage Loctle field
x > 17.07 m (672 in.) (positive). These expansions significantly influence
stresses in the gooseneck lines and in the main header elbow located at the
origin. Therefore, a logical way to reduce the gooseneck stresses, at the
expense of increasing the elbow stresses, would be to relocate the anchor
point.

In order to examine the main header expansion behavior, the point of
fixity was removed which yields the deflections along the header for pressure
and temperature expansion as shown in the graph of figure 7. Note from the
curves of figure 7 that a node point (Ax = 0) exists at x = 27.94 m (1100 in.).
The node point is ideal for anchor location for the statics load problems as
it would be equivalent to the no-fixity case.

In order to explore the stress situation at the particular points of con-~
cern, the anchor point locations were varied which geve the stress plots in
figure 9. By comtining stresses due to thermal plus temperature expansion,
it can be seen “hat a significant stress reducticn is obtained by moving the
anchor point toward the bottle field. At the same time the stresses are
observed to rise in the main header elbow. For example, the combined strecses
in the 0.038-m (1% in.) pipe can be reduced by 50 percent by locating the
anchor at x = 31.09 m (1224 in.) (extrapolated point) at the expense of a
33-percent increase in the elbow. The need to have a complete fixity in view
of dynamic blowdown effects and at the same time give a much reduced static
stress situation would suggest locating the anchor at x = 31.09 m (1224 in.).

Bend radius selection for gooseneck geometry.- Another example of stress
reduction via NASTRAN analysis is shown in figure 10. The 0.038-m (1% in.)
gooseneck between the 0.15-m (6 in.) manifold pipe and bottle (assumed as the
point of fixity) was initially designated with a length of 0.53 m (21 in.)
from manifold to bottle instead of 1.52 m (5 ft). As previously mentioned,
the preliminary NASTRAN analysis resulted in unacceptably large stresses,
which ultimately led to a parametric study to determine the best design. A
space limitation imposed a maximum of 1.52 m (5 ft) available for the length
from manifold to bottles, whereas the bottle spacing imposed a maximum radius
of bend of 0.46 m (18 in.) for the 0.038-m (1% in.) gooseneck. Intuitively,
one might think that the maximum radius of bend would provide the lesser stress;
however, the stresses are seen to result primarily from the displacement of
the main header as previously deseribed. This displacement imposes a large
moment at the bottle connection (fixed point in fig. 10), and thus the longer
the moment arm, or rather the length from manifold to bottle, the smaller the
stress. Figure 10 shows the calculated stresses in the goosenecks as a func-
tion of the radius of bend for the given 1.52 m {5 ft) length from manifold to
bottle. The input for the study was the displacement of the gooseneck at the
manifold end for a selected bend radius of 0.20 m (8 in.). This displacement,
associated with the maximum combined for both the temperature and pressure
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expansion, of the main header was assumed constant and independent of bend
radius. Although the data are not depicted in figure 10, the stress increases
in the bend and straight section as the 1.52 m (5 ft) length from header to
bottle is decreased. Also, the standard minimum radius of bend for a 0.038-m
(1% in.) pipe as specified in reference 2 is 0.19 m (7% in.); thus, the
selected gooseneck design was for a 0.19-m (7% in.) radius of bend and a
length of 1.52 m (S ft) from manifold to bottle.

COMPARISON OF NASTRAN WITH SNAP

The parallel SNAP analysis was performed for a number of reasons. Chief
among these was the need to gain further experience to provide further check-
out of the SNAP "statics" program (ref. L). Also, the SNAP analysis served
as a backup solution for NASTRAN and gave a basis for comparing and/or verify-
ing numerical results.

The NASTRAN anrd SNAP structural models were developed by Gerringer and
Faison, respectively, so that the analyses were independent; however, the

basic element representations were used for both models. It should be noted
that the SNAP model did not include the new 0.20-m (8 in.) and 0.25-m (10 in.)
lines shown in figure 1; however, for comparison solutions the aforementioned

lines were removed from the NASTRAN model.

The parallel analysis proved to be quite useful for uncovering modeling
and loads input errors, Also, the numerical results agreement was very good
as one would expect.

From a computer cost point of view, SNAP was found to be much more
economical for the study. Typical comparative execution times and cost per
run for a combined loads case on the Control Data 6600 computer system are

as follows:

NASTRAN SNAP
Execution time, sec, . . . . . 550 120
Cost per run, dollars. . . . . 107 15

These comparisons show the NASTRAN execution time is greater by a
factor of about 4.5 and costs about seven times as much as the SNAP run.
These comparisons should, of course, be recognized as that for a particular
static problem solution rather than a general observation. SNAP apparently -
attains its low execution costs througn the use of a &irect elimination ‘;
procedure (see ref. 5) which affords substantial savings when compared with ;
constant or variable-width band matrix, artive column, or partitioning solu-~ t
ticn methods. Information distributed by the author of reference 5 points out
that in run-time comparison studies no other program was found to execute as
fast as SNAP; in very large problems, very substantial differences in run time
(e.g., factors of 10 or more) have often been observed.
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CONCULDING REMARKS

The NASTRAN application to the new LaRC piping and manifolding system
supports the adequacy of design in view of applied stress criteria. The ana-
lysis defined the static behavior of a complex piping system and significantly

impacted the design in several areas.

Based on the experience gained in this application, it is believed that
NASTRAN can be used as a powerful tool for design evaluation of complex piping
systems, However, major additioral needs for NASTRAN to be used as an effi-
cient piping analysis tool are identified as (1) development and inclusion of
curved beam elements and (2) stress recovery subroutines for pressurized pipes
and curved pipe sections subjected to combined bending loads.

The parallel analysis using the SNAP program gave very good agreement in

numerical results. However, SNAP proved to be much more economical for this

particular problem application.

-
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Figure 7.- The 0.61-m (24 in.) header deflections with fixity removed.
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THERMAL DISTORTION ANALYSIS OF A
DEPLOYABLE PARABOLIC REFLECTOR

By Lloyd R. Bruck and George H. Honeycutt

NASA Goddard Space Flight Center

SUMMARY

K The Goddard Space Flight Center has performed a thermai

I distortion analysis of the Advanced Technology Satellite (ATS-F)
£ 9.144m (30 ft.) diameter parabolic reflector using NASTRAN

. Level 15.1. The same NASTRAN finite elerant model was used to
&, conduct a lg static load analysis and a dynamic analysis of the

@ reflector. 1In addition, a parametric study was made to determine

;;which parameters had the greates. effect on the thermal distortions.
t This paper describes the method used to model the construction of
% the reflector and presents the major results of the analyses.

INTRODUCTION

The ATS-F is the latest in a series of spacecraft desiagnated
as Advanced Technology Satellites. This 3-axis stabilized
synchronous satellite has becen designed as a multiple mission

B system to allow for numerous communications, meteorological

F and scientific studies.

The ATS-F spacecraft is shown in the launch configuration in
Figure 1 and in the orbital) configuration in Figure 2. The
® predominate feature of the spacecraft is a 9.144m (30 ft.)
t diameter parabolic dish high gain antenna. The success of many
of the spacecraft experiments depends on maintaining the design
surface contour of the parabolic reflector after deployment. 1In
addition, the spacecraft control system must adhere to stringent

, The surface contour of the reflector ie distorted in orbit

B by the thermal environment of space. It is necessary to predict

B what these distortions will be in order tc assess the R-F

performarce of the reflector. As there is no practical or

realisti~ ground test that will provide this data it was necessary

to resort to analytical methods. Accordingly, GS¥C has performed .
| a thermal distortion analysis of the ATS-} reflector using .
] NASTRAN Level 15.1 for selected thermal load cases that produces

the required reflector distortions.

¥

; As a partial check on the validity of the NASTRAN model a 1g
j static deflection analysis was also accomplished. The results

Y
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were compared with an actual measurement of the lg deflections to
provide some information on the accuracy of the model.

To help determine which parameters were most important in
controlling the thermal distoitions, a parametric study was made.
In this study the effects of the mesh, ri., temperature, and rib
thermal gradients were varied to determine the relative magnitude
cf the ¢ffects on the thermal distortions.

In addition,the fine pointing and slewing requirements

necessitated obtaining the dynamic characteristics of the reflector.

With only slight modification to the static NASTRAN model the first
natural frequency and mode shape were obtained to provide infor-
mation for design of the control system.

The prime contractor for the ATS-F spacecraft is Fairchild
€pace and Electronics Company: the subcontractor for the parabolic
reflector is Lockheed Missiles and Space Company. Both of these
organizaticns provided infeormation which made these analyses
possible.

REFLECTOR DESCRIPTION

General

The deployed reflector is composed of 48 flexible ribs
hinged to the spacecraft hub at 7.5 degree increments as shown in
Figure 2. A woven copper coated dacronr mech serves as the reflec-
tive surface and is connected betweer each rip at the top edge of
the rid. When stored four launch, the ribs are wrapped around the
hub with the mesh carefully folded between the ribs. The packaged
reflector is enclosed by a series of doors that are secured by a
circumferential restraining cable. When the restraining cable is
severed, the elastic energy stored in the ribs is released causing
the ribs to unwrap to the deployed position. During deployment
the ribs pivot freely about the hinges at the hub; wher fully
deployed the hinges are locked. The reflector is designed so that
there is always a smail tension load acting on the mesh keeping
it taut during orbit.

Rib Description

An indivi-.cal reflector rib is shown in Figure 3. T . rib
tapers in width ‘. om its attachment at the hub to the outer edge
of the reflecto: The cross section of the rib normal to the
parabolically curved principal axis is of semi-lenticular siape
and alsc varies alcna the rib. Each rib is made from a single
piece of aluminum sheet with varying aiameter holes cut out along
its length. The lLoles are pruviued to permit the heat input from
the sun to pass freely through the rib to prevent excessively
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¥ severe thermal gradients.

Mesh Description

E The R-F reflective mesh is constructed from copper coated

b dacron yarn bundles overcoated with a thin silicone sealant. The
f warp yarn running in the lcngitudinal direction (radially along

® the rib) is made from double strand dacron, 10 pair/cm while the
f filling yarn in the transverse direction (circumferential from

¥ rib-to-rib) is made from single strand dacron 12.5 strands/cm.

£ This form of constructicn makes the woven mesh behave nonisotrop-
g ically and consequently have material properties (modulus of

f clasticity and the thermal coefficient of expansion) that differ
l in each principal direction. Tests on the mesh have revealed that
k Poisson's ratio is essentially zero for this material in both

f directions indicating that the yarns in either direction behave

i independently of one another when each is loaded individually.

Hub Description

; The aluminum hub, Figure 4, is composed of two ring sections
i connected every 7.5 degrees by risers located midway between each
j rib. The reflector is protected in the folded positinn by a cover
¥ as shown in Figure 4. This cover provides no significant load
carrying structure to the hub. The rib hinge attachment to the
hub is also illustrated.

Attachment of the hub to the spacecraft is provided by the
mounting assembly indicated in Figure 5. This assembly, located
every 90 degrees, provides for a rigid attachment of the hub to
! the spacecraft except for the rotation that is allowed to take
! place at the hinge. The purpose of this method of attachment is .
tc assist in the isolation of the antenna from any structural
motion created by the spacecraft.

FINITE ELEMENT MODEL

. Rib Model

The finite element model of the rib is shown in Figure 6
S v where each of the 48 ribs have been represented by 10 bar elements
FE L making a total of 480 rib elements. A significant feature of the
rib model is that the offset between mesh attachment point and the
rib centroidal axes is retained. The effect of this offset is to
introduce a twisting moment about the rib longitudinal axis when
the rib is loaded in the lateral (circumferential) direction by
mesh loads and a bending of the rib about a circumferential axis
when loaded in a radial direction by the mesh. This offset is
shown in Section A-A of Figure 6.

i P RE R
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The shear center of the rib and the rib centroidal axis do
not coincide. Prior to the formulation of the 10 element rib
model a much more detailed plate element model of a single rib
was generated which simulated the shear center offset. Various
thermal gradients were applied to this model to determine the
resulting twist and warp of the rib. The results of this analysis
indicated that the offset shear center causes only slight twist
and warp of the fiee rib. Because the mesh would act to resist
the twist of the rib, the restraining force of the mesh would tend
to further minimize the effect of twist or warp on the thermal
deformations. Therefore, it was concluded the effect of the shear
center offset is minimal and can be neglected.

The reflector deflection resulting from thermal or gravita-
tional loads is determined for grid points at the mesh attachment
point to the rib.

Hinges are provided at the hub for attachment of the ribs
to the hub and to allow the ribs to rotate to their fully deployed
configuration. These hinges become fixed at deployment. For
this reason the rib hinges were fixed in the model.

Mesh Model

The reflector mesh has been modeled by membrane elements
capable of carrying in-plane tension loads. Each mesh section
between ribs has been subdivided into 10 trapesoidal membranes
that are attached to each corner to the grid points located at
the rib edge. The nonisotropic properties of the mesh have been
reflected in the model parameters; the mesh thermal coefficients
of expansicn and modulus of elasticity are civen as functions
of temperature.

Hub Model

The hub is modeled with bar elements as shown in the hub
segment depicted in Figure 7. A centroidal axis offset of the
upper and lower hub rings at the hinge has been provided in order 3
to vosition the hinge elements in their proper location. Four :
attachment points are provided for securing the hub to the space- i
craft. This attachment allows rotation of the hub in the directiony
of the hinges as in the actual construction by using the pin flag ¢
option in NASTRAN. 3

COMPLETE FINITE ELEMENT MODEL
The complete finite element model, Figure 8, is composed
of the hub, mesh, and rib models discussed previously. This
figure was obtained by using the plot mcdule of NASTRAN. A total
of 1404 elements connected between 728 grid points are used to
model the complete reflector. As every grid point is allowed to
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ive 6 degrees of freedom, with the exception of 4 grid points
1at are fixed simulating the spacecraft, there are 4,344 total
agrees of freedom.

In the static analysis the decomposition of the stiffness
atrix (semi-bandwidth of 15 terms with 87 active columns and 14
ows) consumed the bulk of the computer time. Run time using
tandard core on the IBM 360-95 for one static load case was 15

inutes, 10 minutes of which was used decomposing the stifiness
atrix.

b In the dynamic analysis, using the inverse method eigen-
B¥ ilue extraction routine, obtainingone eigenvalue used about 35
;¢ inutes of the total run time of 38 minutes.

P e ey v Ay e

1lg ANALYSIS

E A lg load in the -2 direction was piaced on the reflector

#n order to check out the finite element model and to provide a
gonparison with static deployment test results of the actual
feflector. Reflector deflection results are presented as plots

Pf the vertical (Z) deflection of the rib tip at 4.572m (180 in.)
Badius versus rib number. Figure 9 illustrates the rib numbering

g ystem. The lg NASTRAN result and actual test results are compared

Figure 10. This comparison indicates good agreement with the
ictual test results was achieved.

.

ORBITAL THERMAL DEFLECTION ANALYSIS
Thermal Load Input

f A reference temperature of 294°K 70°F) was assigned to each

jlement to define the as-assembled temperature. Orbital tempera- ’
Jure distribution for the various orbit hours served as the thermal x
joad input for the finite element model. Tbh=2 temperatures for each 2
ib segment (10 segments per rib) were determined for an upper node ,
T1) and a lower node (T2). These temperatures were averaged in

he GSFC analysis to define the temperature assigned to the rib
lement in the longitudinal direction. The rib gradient across
lhe rib was calculated using (T3-T3)/d where d is the distance
etween the upper and lower nodes (see Figure 1ll). Each mesh
lement and each grid point was assigned a temperature; for those
rid points where nodal temperatures were not defined a linear
nterpolation was made.

The effect of the spacecraft attachment to the deployed

eflector is presented by a set of initial displacements at the -
our attach points.

«'»’»?\“ o3
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Thermal Deflection Results

Although the deflection results for 12 orbit hours were
determined, only those resulting from orbital thermal loads
developed during orbit hours 5, 12, and 24 for Beta =0° will be
presented as they provide a representative sampling of the total
results. Figure 12 presents the satellite orientaticns for various
orbit hours and defines the orbit angle Beta.

e Orbit Hour 12, Figure 13 - The reflector is completely
shaded by the earth and is very cold. The shrinkage of the reflec-
tor caused the rib tips to deflect to their maximum value.

e Orbit Hour 24, Figure la. - The reflector sees its least
severe thermal load. As a consequence its deflections are a
minimum.

e Orbit Hour 5, Figure 15 - One half of the reflector is
shaded by the other half. Because of this effect, the thermal
gradient developed across the rib is relatively large and takes
the shape plotted in Figure 16. Note that the plot of the thermal
gradient across the rib corresponds closely to the plot of the
deflected shape of the reflector; compare Figures 15 and 16.

PARAMETRIC VARIATION STUDY

In an effort to determine the relative effect of various
model parameters on the deflection of the reflector, a parametric
variation study was conducted on the finite element model. The
temperature distribution present during orbit hour 5, Beta=0 was
used for the five cases investigated.

Case 1 - This case determined the reflector deflection with
the mesh removed and with the thermal gradient across the width of
the rib set equal to zero. The resultant deflection, Figure 17, i:
caused by the rib temperatures and radial rib gradient only and is
relatively small.

Case 2 - The mesh has been removed and only rib temperatures
and yradients are present, both radially along the rib axis and
across the width of the rib. The results of this variation are

shown in Figure 18. Note that the deflections are large and the
shape of the plot of the rib deflections again agrees, as expec .ad

with the shape of the plot of the average depthwise temperatu-e
gradient as shown in Figure 16.

Case 3 - The radial mesh elements have been removed and only
circumferential mesh elements are preseni. The rib temperatures
and radial temperature cradient are present along the rib, but %ne
gradient across the width of the rib has been set equal to zzro.
Deflection results are shown in Figure 19. Although there =zre
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major djfferences in the temperature distribution around the cir-

. cumference of the reflector ranging from 116°K (-251°F) to 269°K
(25°F), the net effect on the mesh is that a uniform tension is

tcreated in each circumferential band. This statement is sub-

gstantiaced by the results which indicate a uniform deflection is
Ecreated at the outer edge of the reflector.

!

Case 4 - The circumferential mesh elements have been removed
and there is no depthwise rib gradient; the radial mesh elements
remain, as well as the rib temperatures and radial rib aradients.
Figure 20 presents the results. The net effect of the radial mesh
ican be obtained from subtracting Case 1 results from this case,
Case 4. It would appear that the deflections caused by the radial
mesh element are insignificant for this case.

Case 5 - The effect of varying the depthwise rib gradient is
shown in Figure 21. The results of 3 parametric changes are shown:
no gradient, actual gradient, and 3 times the actual gradient. The
major impact the rib gradient has on the deflection is evident.

DYNAMIC ANALYSIS

The finite element model was used to determine the first
torsional frequency of the deployed reflector. Comparison of the
NASTRAN result of 1.18 Hz with a value obtained from a modal survey
test of 1.15 Hz indicates good agreement.

A motion picture of the torsional mode was obtained by the
proper adjustment of the amplitude in repeated plots of the modal
displacements in the plot routine and repeating them sequentially
on lémm film,

CONCLUSION

NASTRAN has proven to be a most valuable tool in conducting
the thermal distortion analysis. Because of the capability built
into NASTRAN the parametric study was easily accomplished by the
{alteration or addition of a few input cards The value of the
data obtained far outweighed the cost of the additional computer
- {time required. The results of this analysis supplied valuable
Jinformation on the performance characteristics of the parabolic
antenna and provided insight into the structural interactions of
the various parts of the reflector.

P )fn:ﬂ.“i‘.?b 3

The results of the lg analysis compared favorably with
available test results which provided some confidence that the
model was satisfactory. Again with but a few card changes and
using u different rigid format the first torsional natural frequency
and mode shape were obtained.
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The addition of a beam element capable of handling the offset
shear center effect would have saved the considerable time and
effort expended to prove it had little effect in this problem. It
is recommended that this capability be added to NASTRAN.
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STRUCTURAL ANALYSIS OF LIGHT AIRCRAFT USING IASTRAN
By Michael T. Wilkinson and Arthur C. Bruce

Louisiana Tech University 7

The finite-element method has been used extensively for the analysis of
major aerospace structures. However, there seems to have been little appli-~
cation of the method to light aircraft generally desiimated in the homebuili
or sport category. There are two principal reascns for the lack of utili-
zation of computer methods in this area. First, designers of homebuilt air-
craft have limited awareness of the ability of the method. Second, the high
cost generally associated with any computer analysis frightens poieni.ial ilsers
away. The purp